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Foreword 


The question often asked in the seventies- 
"Is-proportional-technology-simply-a hybrid technology, - 
bringing the power of hydraulics together with the precision 
and flexibility of electronic controls?" - 

can now, following many years of experience, 

be answered with a definite "Yes". 


Proportional controls, certainly offer power and flexibility. 


Proportional valves and pumps, with their proportional! solenoids, provide the 
ideal interface for electronic controls, and thus offer ever more flexibility in the 
operation of an continually growing range of machines, right through to freely 
programmable controls and drives. 


Proportional hydraulics bridge the gap between conventional hydraulics and 
servo controls. They have made new possible entirely new machine concepts, 
both on special purpose and standard production machines. 


Within a relatively short period of time, they have firmly established a clearly 
defined niche in the market. Their rapid advance was due, in no small part, to 
the fact that proportional hydraulics was initially based on conventional 
systems, rather than servo hydraulics. The development of electronic amplifiers 
of simple design, and with easily understandable functions, has simply added 
another dimension to the scene. 


Knowledge and experience in proportional hydraulics now form the basis of 
successful planning of modern hydraulically driven machines. As proportional 
hydraulics have now invaded practically every branch of industry, this know- 
ledge is assuming an ever increasing importance. 


This book, has been designed to help those who wish to learn more about this 
fascinating area of technology. It is suitable for both the beginner and "climber" 
in proportional hydraulics, both as a text book and as a constant companion. 
The reader will find basic consepts clearly laid out in a similar style to that 
found in the "Hydraulic Trainer, Volume |". 


Both proportional and servo valves are dealt, within this book, in order on the 
one hand to give instruction in both fields, and on the other, to show that there is 
no fixed dividing line between the two. At the same time, it will become clear, 
that proportional hydraulics are not simply "low cost servo systems". A basic 
knowledge of electronics is of obvious advantage in understanding the contro! 
examples shown, but in any case, the function of the electronic modules is 
clearly explained. In all cases, both hydraulic and electronic controls are 
explained in the context o examples taken from actual practice. 


An entire chapter is devoted to the calculations necessary for the application of 
proportional controls. Again the calculation process is then illustrated in the light 
of a practical example. 
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The-book-avoids-an-overbearing-theoretical-approach-to-closed-loop-control 
systems in order not to overwhelm the beginner, and cause him un- 
necessary stress when entering this field. The chapter "From open to closed 
loop control" contains a wealth of information which will enable the reader to 
move into practical applications. Practical examples once more round off the 
subject matter. 


In the area of vocational training and education, the themes covering tech- 
nology encompass an ever widening area. The object throughout this book 
has been not only introduce the subject from scratch, but also to bring the 
reader up to date with the latest technology. 
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Introduction to Proportional Valve Technology _ 
Arno Schmitt 
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Introduction 
to Proportional Valve Technology 


— ——Acting-as-the linking: element-between: switching-and 
closed-loop technology, proportional valve technology 
has today become an established component part of 
hydraulic systems. Industry has been quick to imple- 
ment the advantages offered by this technology. 


What exactly does proportional valve technology mean 
in hydraulic systems? 


Fig. 1 is intended to illustrate the signal sequence: 


An electrical input signal in the form of a voltage (mostly 
between 0 and +9 V) is converted into an electrical cur- 
rent in an electronic amplifier corresponding to the vol- 
tage level, e.g. 1 mV = 1 ПА. 






| Electrical 
| input 
signal 









normally 
Oto+9 V 


Fig. 1 Signal sequence 


Force | | Machine 


stroke 





Proportionally-to this.electrical-current.as-the-input.varia-.. 
ble, the proportional solenoid produces the output 
variable - force and travel. 


These variables, i. e. force or travel, acting as the input 
signal for the hydraulic valve, signify proportionally a 
certain volumetric flow or pressure. 


For the consumer and therefore also for the working 
element of the machine this means, in addition to direc- 
tion, steplessly variable control of speed and force. 


Simultaneously, acceleration or deceleration can be 
steplessly varied, e. g. change in volumetric flow with 
respect to time. 














| | pressure 


flow 
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An example 
to illustrate the possibilities offered 
by proportional technology. 


By way of example, we will consider a welding line used 
in the production of motor vehicle bodies: 


Individual components of the car have already been 
through a fast moving life during the production phase 
long before certain drivers can test the specified acce- 
leration values of their cars. By analysing the diagram in 
Fig. 2 with regard to acceleration of body parts in a 
welding line, values can be obtained which, when con- 
verted, correspond to an acceleration of 0 to 100 km/h 
in approx. 11 seconds. 


The main function of the welding line is to assemble 
and weld the body parts which are grouped about a 
platform. This production process involves several sta- 
tions or better several stages. 


All elevating stations are raised or lowered simul- 
taneously in order to reach the working position, i. e. in 
the area of the welding tongs. The transfer of the pre- 
pared sheet metal parts to be added takes place in the 
middle of the lift travel range at reduced speed. The 
"transfer speed" must not exceed the value of 0.15 
m/s, or otherwise the automatically positioned sheet 
metal parts would be knocked out of position. On the 
other hand, the lifting and lowering cycle should be 
completed as fast as possible, i. e. efficiently. 


These requirements are met by proportional hydrau- 
lics. In the case of a solution without proportional tech- 
nology, ош be necessary-to, for instance, conside- 
rably reduce the maximum speed. This system would 
also necessitate the use of deceleration valves with 
corresponding mechanical cams for acceleration and 
deceleration, as well as flow-control valves for provi- 
ding the velocity signal and, of course, directional con- 
tro! valves for the direction. Despite reduced accelera- 
tion and speed values, a considerably harder, less ac- 
curate and less flexible solution would be the result, 
whilst requiring more expensive and complex equip- 
ment. 


Despite large moving massesas well as high accelera- 


tion and speed values, proportional hydraulics ensures 
smooth and reliable operation. 
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Fig. 2 One cylinder (at top) - the other one being used 
as a standby device - moves all stations simultaneously 
in conjunction with a lifting mechanism. 


Fig. 3 The accumulator unit on the left-hand side pro- 
vides the 460 l/min of hydraulic oil necessary for the 
high speed operation. The type V4 vane pump to the 
right fills the accumulator during the "idle periods". The 


proportional directional valve, type 4 WRZ 25, it can be 


seen lower right, on the panel. 





D= 140mm 
d= 100mm 
Hz 450 mm 


vmaxz 0,5m/s 
Qmax= 460 dm?/min 
ps _110daN/cm? 
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Deceleration cam 


Analog initiator 














Lifting 





pum) 


Lowering 





Fig.4 Basic block diagram of a hydromechanical drive for a welding line (top) and its timing diagram 


(bottom right). 
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Proportional valves and pumps with their proportional 
solenoids provide perfect interface for electronic con- 
trol, thereby facilitating increased flexibility in the opera- 
ting cycles of production machines as well as freely pro 
grammable control systems and drives. 


The technical benefits of proportional devices can pri- 
marily be found in the controlled transfer during valve 
change over, i. e. the infinitely variable control of signal 
values and the reduction of hydraulic equipment re- 
quirements for certain control applications. This there- 
fore also represents an effective contribution to redu- 
cing material requirements in hydraulic circuits. 


Proportional valves permit faster,simpler, and more 
precise movement cycles while at the same time 
improving the reversa! process. As a result of controll- 
ed spool cross-over control, pressure peaks are avoid- 
ed - resulting in a longer service life of the mechanical 
and hydraulic components. 


The fact that the signals for direction and flow or 
hydraulic pressure are provided by electrical means 
has made it possible to arrange the proportional devi- 
ces directly on the loads, thereby greatly improving the 
dynamic characteristics of the hydraulic control system. 


Proportional devices in hydraulic systems found more 
widespread use when effective devices of simplified 
design were offered on the hydraulics market. These 
devices do not greatly differ from those of the standard 
hydraulic range. It has also been possible to adopt a 
great number of parts or assemblies from the standard 
range of hydraulic equipment. 


The development of functionally reliable and uncoripli- 
cated standard European-format printed-circuit boards 
has also greatly contributed to the increased use of pro- 
portional technology. 


An amplifier, containing the suitable electronic circuitry, 
has been designed for each type of proportional unit. 


These generally include: - voltage stabilization stage 
- ramp generator 
- function generator 
- signal value potentiometers 
- signal value relay 
- pulsed output stage 
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Fig. 5 Proportional directional valve, type 4 WRZ, 
electronic controls 





Fig. 6 Proportional pressure relief valve, type DBE, 
electronic controls 


Fig. 7 Proportional flow control valve, type 2 FRE, 
electronic controls 
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This overview shows which functions are possible and which devices are available. 


















Directly operated 
without positional feedback 







Directly operated 
pressure relief valves 


of control spool | и 
with positional feedback 
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optional 
pressure compensators 













Pilot operated 
pressure relief valves 
without positional feedback 







Directly operated 
with positional feedback 
of control spool 
А 
optional 

pressure compensators 










Directly operated 
pressure reducing valves 
without positional feedback 










Pilot operated 
with or without 
positional feedback 











Pilot operated 
pressure reducing valves 
without positional feedback 


of control spool 
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optional 
pressure compensators 
















Flow control valves 
with positional feedback 
of the orifice 





Amplifiers 
| and closed loop amplifiers 
є adapted to the 

__|| Proportional valve 

| components 


















F Throttle valves 
Ẹ with positional feedback 
of the orifice 
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Proportional Solenoids 


Proportional solenoids represent the linking element 
between electronics and.hydraulics. | 

The proportional solenoids are a form of DC linear sole- 
noids. Proportional to the electrical current as the input 
variable, they produce force and travel as the output 
variable. 


Corresponding to the practical application, a differentia- 
tion is made between 


- solenoids with with comparatively linear force/current 
relationship over a reasonably long stroke length, the 
socalled "stroke-controlled solenoids" 


and 


- solenoids with particularly defined force/current rela- 
tionship over a very short stroke, the so-called "force- 
controlled solenoids". 


Only DC linear solenoids can be used for the current- 
proportional change in the output variables force and 
stroke. Due to their stroke-dependent current con- 
sumption, AC solenoids must assume their final stroke 
position as soon as possible. 
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Fig. 1 Force-controlled proportional solenoid 





Force-controlled Solenoid 


The solenoid force is controlled by the change in cur- 
rent | in the force-controlled solenoid without the arma- 
ture of the solenoid performing a measurable stroke. 


Due to current feedback in the electrical amplifier, the 
solenoid current and therefore the solenoid force are 
kept constant even if resistance changes. 


The main feature of the force-controlled proportional 
solenoids is the characteristic force-stroke curve. 


The solenoid force remains constant over a defined 
stroke range at constant current. 

The stroke for the solenoid shown in this example is 
approx. 1.5 mm. This range is in which the solenoid is 
used. 


The force-controlled solenoid is of compact design 
due to the short stroke. In view of this short stroke, the 
force-controlled solenoid is used particularly for pilot 
operated proportional directional and pressure control 
valves with the solenoid force being converted into hy- 
draulic force. 


The proportional solenoid is a controllable "wet pin" DC 
linear solenoid. 


600 mA 
400 mA 


approx. 19mm | 


Strokes (mm) _ 
| 706 
р. 
] (e T 


= = 


Fig.2 Characteristic force-stroke curve 
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Stroke-Controlled Solenoid 


In the case of the stroke-controlled solenoid (Fig. 4), 
the-position-of-the-armature-is-controlled-by-a-closed- 
loop control circuit and maintained irrespectively of the 
counterpressure, provided it is within the rated working 
range of the solenoid. 


With the stroke-controlled solenoid, the spools of pro- 
portional directional, flow as well as pressure control 
valves can be directly operated, and be controlled in 
any stroke position. The stroke of the solenoid is bet- 
ween 3 and 5 mm depending on the size. 


As already mentioned, the stroke-controlled solenoid 
is primarily used for directly operated 4-way proportio- 
nal valves. 


In conjunction with the electrical feedback, the hystere- 
sis and the repetition error of the solenoid are main- 
tained within very tight tolerances. In addition, any flow 
forces which occur at the valve spool are compensated 
for (relatively small solenoid force in relation to the 
interfering forces). 


In the case of pilot operated valves, the controlled hy- | 
draulic pressure is applied to a large control area. The -4 
available positioning forces are therefore considerably 
greater and the percentage effect of interfering forces 0 mm stroke corresponds to solenoid fully extended 
is not-so-marked. For this reason, pilot operated propor- 


tional valves can be implemented without electrical —- — = 
feed-back. Fig. 3 Characteristic curve, stroke-controlled solenoid 


1) 
|| 


ff 


/ 


сл 


| 


Wi 


Stroke s (mm) 


MHIL 


П 
NO 






s-controlled 







--H-EPHRGHHCEHRHHRN 
-L-CHA-HHHHEHREGHN 
шиши шш шиги ш эж тї ш 1 тш 
= Ой ИЕ ИШ ИШ ЕЕ ББ БШ ИШ ошиши ш иш 












































^s. 
74227727 7 У7у7УУ7 УУ 7 > DE AF AP У Р ЛЕ. 


B I Ry ON ND SS 
МАЈ my P UP P ЕНГ Т Pr ТУ 
VL PUD vmm Sa er 
NANANANS = 









Potentio- 
meter 


Control amplifier with 
signal/feedback comparison 






Fig. 4 Stroke-controlled proportional solenoid 
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Proportional Directional Valves 


A proportional directional valve is used to control the 
direction.and.value.of.a volumetric flow . 


~ Dir. Operated Proportional Directional Valve 


In connection with this valve, the points applicable to 
the following proportional directional valves will also be 
discussed by way of example such as hysteresis, repe- 
tition accuracy, control spool, basic principles for cha- 
racteristic curves and the time characteristics of the con- 
trol spool. 


The proportional solenoid acts directly on the control 
spool in the same way as in a conventional directional 
control valve. 





Fig. 5 Directly operated proportional directional valve 
Type 4 WRE 10 with electrical feedback, electronic 
controls 
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Function 


The-basic-components- of the- valve. are-the housing 
(1), one or two proportional solenoids (2) "stroke con- 
trolled " as shown in Fig. 6 with inductive positional 
transducer (3), the control spool (4), as well as one or 
two return springs. 


The contro! spool (4) is held in the centre position by 
the return springs (5b) when the solenoids are not ener- 
gized. The control spool is operated directly via the pro- 
portional solenoid. 


In the case of the spool shown in the figure, the link 
between ports P, A, B and T is closed in this arrange- 
ment. The control spool is now shifted to the right 
when the solenoid A for instance (left) is energized, 
producing the connection between P> B and А— T. 


The higher the level of the signal coming from the 
electrical actuation system (refer to "Electronic Con- 
trois for Proportional Valves" for detailed description), 
the further the control spool is shifted to the right. The 
stroke is therefore proportional to the electrical signal. 
The greater the stroke the greater the opening to flow 
and therefore the greater the volumetric flow. The left 
solenoid in Fig. 6 is equipped with an inductive positio- 
nal transducer to record the actual! position of the con- 
trol spool and to "indicate" to the electronic amplifier 
the position in the form of an electrical signal (Volt) pro- 
portional to the stroke. 


Fig. 6 Directly operated proportional directional valve with electrical feedback 
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Since the positional transducer is a double stroke devi- 
ce, spool positions both sides of centre are monitored. 


In addition, the transducer is of pressure-tight design, 
thereby rendering a leakage oil port and additional sea- 
ling facilities unnecessary. This means that additional 
coefficient of friction cannot adversely effect the accu- 
racy ofthe valve. 


In the electrical amplifier, the actual value (actual posi- 
tion of the control spool) is compared with the speci- 
fied value, (the signal value). This therefore represents 
a position control loop which detects any deviations 
between the specified value (signal value) and the 
actual value and corrects the deviations by means of 
corresponding signals to the relevant solenoid. 


In practical applications, this means that the hysteresis 
and the repetition accuracy of the valve are <1 % de- 
pending on the size of the valve. 


Hysteresis general: Dependency of a condition on 
previous conditions. 

lf the electrical signal is increased from 0 to max. and 
decreased once again, the spool assumes a certain 
position proportional to the signal. The resulting 
deviation at constant signal value, which however, is 
set in various directions (coming both from the 
minimum and the maximum value) is termed hysteresis 
or hysteresis error (Fig. 8). 


Hepetition-Accuracy (repeatability) 
This term describes the range within which the output 


signals are obtained at repeated setting of the same 
input signal. For the control spool, this means that a 
deviation of <1 % with respect to the given position is 
achieved with repeated setting of the same signal 
value (for WRE). 


The valve shown in Fig. 7 has no positional transducer 
on the solenoid. The position of the spool is therefore 
not additionally monitored. Once again depending on 
the valve size, this arrangement results in a hysteresis 
of 5-696 and repetition accuracy of 2 - 3 %. 


This degree of accuracy is completely adequate for 
many applications so that this version represents a rela- 
tively inexpensive solution. 


Control-Spool Design 


As can be seen in the sectional view (Fig. 6), the con- 
trol spool differs from the spool in a normal directional 
control valve. It features triangular shaped orifice-like 
throttle openings, providing progressive flow characte- 
ristics (Fig. 9). 


The control lands with triangular notches on the spool 
(Fig. 10) and the control lands of the housing con- 
stantly remain engaged with respect to each other in all 


positions of the spool. This means a constantly defin- 


ed opening to flow in the form of a triangle. 
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There is therefore no position as in the case of stan- 
dard directional control valves, in which these two con- 
trol lands only open after an "idle stroke", and the re-en- 
gage on closing. 


In addition the inlet and outlet are always throttled. 





Fig. 7 Directly operated proportional directional valve 
Type 4.WHA 6 without feedback; electronic controls 


Flow Q or Stroke s 





Fig. 8 Hysteresis 


Spool stroke s or input signal I 


Fig. 9 Characteristic Q-h orQ-I curve 
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Fig. 10 Control grooves on circumference of spool hav- 
ing different "start" positions and long spool stroke pro- 
viding excellent resolution capacity. 


Spool position solenoid "Б" Spool position solenoid "b" 


OW YW 5) 72 
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PP НИ, 
Centre position 
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Mth 


Symbol "E" | ата = 





Fig, 11 Spool overlap of a Ber directional valve, Fig. 12 Spool overlap 27 a proportional directional 
size 25, symbol "E" (blocked mid-position О Ч № У Е N Paia size 25850808 F \dplocked mid-position) 
411! Panor ama ù ont 
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haracteristic Flow Curve 
To ensure the maximum spool stroke is fully utilized, 
corresponding control groove openings are defined 
for various nominal flow rates. 
The following example is intended to illustrate this 
statement and facilitate understanding of the 
characteristic curves. 


The following system data are provided: 


- Defined system pressure р = 120 bar 
- Loadpressure 
at operating speed p=110bar 
- Load pressure at rapid traverse p= 60 bar 
- Required flow rate for operating 
speed range О = 5-20 l/min 
- Required flow rate for rapid 
traverse speed range Q = 60-150 l/min 


Let us assume that a proportional valve has been selec- 
ted in the same way as a standard switching valve (for 
Q= 150 l/min nominal flow). This mistake, which unfor- 
tunately is made all too often, would lead to the follow- 
ing results: 





1pv- 10 bar const. 
2 ру = 20 bar const. 
3 ру = 30 bar const. 
4 ру = 50 bar const. 
5 pv = 60 bar const. 
6 pv = 100 bar const. 


- Valve pressure drop during rapid traverse 
Py = 120 - 60 = 60 bar 
Qrequired for rapid traverse = 60 - 150 I/min 
- Valve pressure drop during operating cycle 
py = 120 - 110 10 bar 


Qrequired for operating cycle = 9-20 l/min 


Rapid- Traverse 

Referring to fig. 13, and allowing a pressure drop of 60 
bar across the valve, a 66% signal allows a flow of 150 
L/min, whilst 60 L/min is given by a signal of 48%. The 
effective control range is therefore reduced to 66 - 48= 
18% of the full range. 


Working cycle 
Allowing a pressure drop of only 10 bar, then for 20 


L/min, a signal of 47% is required. As a signal of 37% is 
required for 5 L/min, only 10% (47 - 37) of the whole 
control range is available for speed adjustment. Taking 
a valve hysteresis of 3% (which is 30% referred to the 
10% control range available), obvious difficulties in 
setting the speed would be encountered. 
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Fig. 13 Flow/rated current c curve "y a nominal flow rate of 1 50 l/min at 10 yer (ave pressure drop 
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Referring to fig. 14, a correctly selected valve would, 
for example, be based on the following characteristic 
curve: 


- Characteristics during rapid traverse 
The signal value is between 66% and 98% (60 - 150 
l/min). This provides a setting range of 32%. 


- Characteristics during working stroke 

The signal value is now between 36% and 63%, i.e. 
providing a considerably greater setting range thereby 
improving the resolution. 
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Time Characteristic of the Control Spool 


Diagrams 15 and 16 show the transfer function of the 
control. spool with a.stepped electrical input signal: 


The transition from one position to another position 
takes place without overshoot. The spool assumes the 
new position in a relatively short space of time, but with 
a damped motion. 


Thus the positioning time for acceleration and decelera- 
tion operations is more than adequate. 


63 66 Rated current in % 


py= Valve pressure drop (sum of pressure drop at meter-in and meter-out throttle edges) 





Fig. 14 Flow/rated current curve for a nominal flow rate of 64 l/min at 10 bar valve pressure drop 


Signal change 25 > 75% 


ү ___|__| | | | 


Stroke in % 


—0 20 40 60 80 100 


RS 


20 40 60 80 100 — 
Time t in ms 


Fig.15 Transition function with stepped electrical input 
signal, signal change 25-75 ?6 





Signal change 0 > 100% 


CLLLETL MILL, 


Stroke in 96 
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Fig.16 Transition function with stepped electrical input 
signal, signal change 0 - 100 % 
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Acceleration, Deceleration 


In the system example described in the introduction, 
reference was made to the acceleration of the platform 
with the body parts. This acceleration, i.e. also the de- 
celeration of a hydraulic cylinder or motor refers to the 
change of volumetric flow per unit of time. The positive 
or negative change in flow takes place via the proportio- 
nal valve. The time, within which this change in flow 
and therefore the change in position of the control 
spool is to take place is preset at the electronic control 
for the proportional solenoid. The signal value provid- 
ed by the electronics changes within the specified time 
to the value set as the final value. 


The electrical component is termed the ramp genera- 
tor, the time scale for the change in value, the ramp 
time. 


e.g. max. 
signal value 
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Time in sec 
Fig. 17 Current/time diagram 


- e.g. Change in current value from 0 to max. in 2 sec. 
— Short acceleration time, 
high acceleration 


- @.g. Change in signal value from 0 to max. in 5 sec. 
— long acceleration time, 
low acceleration 


During deceleration, the change in signal value takes 
place from the high to the low value. This will be 
discussed in detail at a later stage in conjunction with 
electronic controls (refer to "Electronic Controls for Pro- 
portional Valves"). 


Power-Limits 

As with the standard directional control valves, the 
proportional valves also have power limits which should 
not be exceeded. The behaviour of the directly operat- 
ed valve without transducer is of particular interest in 
this respect. Also at a large differential pressure the 
flow rate does not increase beyond the power limit. 
The spool closes itself due to the flow forces. For this 
reason, reference can be made here to a "natural" 
power limit. 
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The spool or valve size to be selected for a particular 
system in connection with flow, depends on the sys- 
tem pressure to be defined. This point is discussed in 
detail with the aid of examples in Chapter "Criteria for 
Control System Design with Proportional Valves". 


Generally, it can be stated that a signal value of approx. 
100 % should be aimed at for maximum flow. 


Control Range 


The term control range refers to the ratio between mini- 
mum and maximum limits of controllable flow. For the 
proportional directional valve without positional trans- 
ducer (Type WRA) the control range is 1 : 20. At a maxi- 
mum flow rate of 40 l/min for example, the minimum 
flow would be 2 l/min. 


Of particular significance in this respect is the repetition 
accuracy which, expressed as a proportion of min flow, 
must lie considerably below this minimum value. 


For the proportional directional valve with positional 
feedback (Type WRE), the control range is approx. 
1:100. 


Types of Spool 


The following types of spool are commonly used in 
practical applications: 
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(^), (77), (77) Refer to Fig. 18a for key 





Fig. 18 Symbols with transition functions 
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та E1 and W1: 
p>B= _Су? | 


BST = Q/2 
AT = Omax 


Symbols E2 and W2: 
РОА = Q/2 | BoT = Qmax 
P>B=Qma, | AT=Q2 


Symbols E3 and W3: 
P>A=Qma, | B-T=blocked 
POB-Q/2 | A>T=Qmax 


Fig. 18a Flow ratios of "offset" spools 


Examples of the Indivi IT of Spool 


E-spool 

The E-spool has the best deceleration characteristics. 
The openings to flow РОА and BT as well as PB 
and A T are equal. It is therefore used in conjunction 


with double rod cylinders or, as shown in Fig. 20, with 
hydraulic motors. 





Fig. 19 E-spoo! with double rod cylinder 


In the case of hydraulic motors, we recommend feed 
to the service lines as shown in Fig. 20. 


Should a vacuum be created the noise level of the 
hydraulic motor would increase considerably. 


If it is necessary to hold the motor exactly in position 
under load, a holding brake will be required. 





If the motor is not subject to load, drifting does not 
occur as the result of the leakage oil at the valve, since 
the leakage oil of the motor is greater. 


VETY 





Fig. 20 E-spool with hydraulic motor 
For this circuit, featuring a cylinder with a surface area 
ratio of Ax:Ap = 2:1, a spool should be selected with a 


throttle opening ratio also of 2:1. The E1-spool fulfills 
this requirement (also the W1-spool). 


2 Ar = 1 
i= 
VENY 













Fig. 21 E1 -spool with single rod cylinder. 
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The following diagram (Fig. 22) illustrates the E3-spool 
relationships. The throttle points symbolize the (also refer to circuit with W3-spool) 
openings to flow in the proportional valve. 
It is used to obtain, by relatively simple means, a rege- 


The following applies | Q4/Qo = NAp4/VADo nerative circuit for a cylinder with an area ratio of 2:1. 
when Qo -2*Q, The non-return valve is also possible in the form of an 


sandwich plate. 


and the openings to flow are equal 


then Apl/Apa = 02/052 
Apo = (Q2? /Q4? ) * Ap, 


> Apo =4• Арі | Б 5=—— 
u! 


ET 
~ У 
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Fig. 23 E3-spool with single rod cylinder 


W-spool 

In the case of a single rod cylinder and an area ratio of 
greater than 1:1, the W-spool_prevents_drifting of the 
unloaded cylinder as the result of leakage oil. In the 


| à | Е | mid-position, а link is obtained from A and B to T at 3 % 
Fig. 22 Relationship of pressure drop due to flow of the nominal opening. 





This relationship clearly shows that a 4-fold pressure 
drop is necessary in order to achieve double the 
volumetric flow rate at constant opening to flow. 


At a ratio of the spool area to the annulus area of 2:1, 
and at constant throttle opening, a differential pressure 
ratio of 4:1 is obtained for РОА and BT. 





If ihe decelerating forces of gravity acting on the piston 
annulus require a counterpressure which exceeds the 
operating pressure by 25 %, then in this case it can be 
seen that the full bore side is not completely filled as 


the result of the quadratic relationship between Ap and AA walk 19] [I ЛА 
о =M X 


These problems are avoided with the E1-spool | 
(РОА = 1/1 opening to flow and | | 
В—Т = 1/2 opening to flow) 

or vice versa with the E2-spool. 


Fig. 24 W-spool with single rod cylinder 
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W1-spool, W2-spool 
As with the E1-spool, this spool has a throttle opening 


ratio of 2:1 for cylinders with an area ratio of 2:1 and as 
the-W-spool, in'the mid-position ithas-alink from A-and 
-Bto T, amounting to 3% of the nominal opening. 


W3-spool 

In the same way as with the E3-spool, the W3-spool is 
used to achieve a regenerative circuit. In this way, the 
cylinder cannot spring back after deceleration since no 
load is applied to B - T. 


REIT 


Fig. 27 





Fig. 25 W3-spool with single rod cylinder 





Fig. 26 Regenerative circuit with E-spool 


Further it Exampl 

Fig. 27 Single rod cylinder, area ratio almost 1:1. Verti- 
cal arrangement with weight compensation. The W1- 
spoot-is-used.-Weight-compensation-is-provided-by-a 
directl; operated pressure relief valve (DBDs...) with 
leak-free cut-off of the cylinder line. 


Fig. 28 Single rod cylinder area ratio 2:1 and regenera- 
tive circuit. Vertical arrangement with weight compensa- 
tion. Valve with W1-spool. 





Fig. 28 
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Leak-free cut-off (Fig. 29) 

Due to the pressure ratios, leak-free cut-off cannot be 
achieved with a twinned pilot operated check valve. In 
this case, it is necessary to use pilot operated non- 
return valves with leakage oil connection. The example 
shows the leakage-free cut-off for both directions of 
movement. 


ХГХ 


е == 





Fig. 29 ** 


Despite the pilot operated non-return valves with exter- 
nal drains, particular attention must be paid to the pres- 
sure ratios in this circuit. Erratic operation may result if 
the pressure ratios exceed the area ratios. 

** Note in text 

In this case, the actuation of the check valves must 
take place externally and not, as shown, from the oppo- 


A further possibility for cut-off is offered by the meter- 
out throttle isolating pressure compensator (see "Load 
Compensation with Pressure Compensators"). 
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Notes on Practical Applications 


Care must be taken to ensure that the valve port A is 
connected to port A of the cylinder, i.e. with the piston 
side. This applies particularly for the E1-, W1-, E3- and 
W3-spools and should also be considered with regard 
to the basic spools since A - T represents the shortest 
path in the valve. 


Optimum dynamic values can only be achieved when 
the connections between the proportional valve and 
driven unit (hydraulic cylinder, hydraulic motor) are kept 
as short as possible. Only in this way does the 
combination of inlet and outlet resistance, coupled by 
the common spool allow satisfactory control of the 
movement cycle. 


The maximum possible acceleration of a spring/mass 
system, as represented by every hydraulic system, is 
determined by the response time of the hydraulic unit 
or by the spring/mass system itself. 


This is illustrated with the aid of calculation examples in 
the Chapter "Criteria for Control System Design with 
Proportional Valves". 
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Pilot Operated 
Proportional Directional Valve 


As is the case with the conventional directional contro! 
valves,the larger sizes of the proportional valves are 
also pilot operated. The reason is the actuating forces 
necessary to shift the main control spool. 


Normally, valves up to and including size 10 are directly 
operated, and pilot operated from this size upwards. 
A pilot operated proportional directional valve (Fig. 33) 


consists of a pilot valve (3) with the proportional sole- 
noids (1) and (2), main valve (7) with the main spool (8) 
and the centering spring and control spring (9). 


Proportional solenoids with force/current relationship 
are used. 


To facilitate a general view, a simplified function se- 
quence is described in the following: 

The signal coming from the electrical control is con- 
verted in the proportional solenoid (1) or (2) into a pro- 
portional force. Corresponding to this force, a pressure 
is obtained at the outlet (A or B) of the pilot valve (3). 
This pressure acts on a surface of the main spool (8) 
and shifts it against the spring (9) to such an extent 
until a state of equilibrium is obtained between the 
spring force and the force generated by the pressure. 
The stroke of the spool and therefore the opening to 
flow depends on the pressure head acting on the 
surface of the spool. The hydraulic pressure produced 
by the force controlled solenoid can be produced 
using either a pressure reducing, or a pressure relief 
principle. 

The valve described in this example is equipped with a 
pressure reducing valve as the pilot valve. The advan- 
tage lies in the fact that pilot oil does not flow contin- 
uously through the valve. 


The 3-way pressure control valve (Fig. 30) basically 
consists of two proportional solenoids (1) and (2), hous- 
ing (3), a control spool (4) and 2 pressure measuring 
spools (5) and (6). 


The proportional solenoid converts an electrical signal 
into a proportional force, i.e. an increase in the control 
current results in a correspondingly higher solenoid 
force. The set solenoid force remains constant over 
the entire control stroke. 


When the solenoid is not energized, as shown in Fig. 
30, the control spool (4) is held in the mid-position by 
the springs. The ports A and B are connected to port T 
and therefore not under pressure. Port P is closed. If, 
by way of example, solenoid B (1) is energized, the 
force of the solenoid acts via the pressure measuring 
spool (5) on the control spool (4) and shifts it to the 
right. As a result, oil flows from P to A. As before, port B 
remains linked to T. The pressure building up in port A 
acts on the pressure measuring spool (6) via the radial 
hole in the control spool (4). The resulting force gene- 
rated by the pressure opposes the solenoid force and 
shifts the control spool (4) in the close direction when a 
balance is reached between both forces. During this 
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Fig. 30 3-way proportional pressure control valve Type 3 DREP 6 used as a pilot valve 
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procedure, the measuring spool (6) rests on the 
plunger of the solenoid (2). 

The link from P—4A is interrupted, the pressure is held 
constant in the working port A. A reduction in the sole- 
noid force results in excess pressure force at the 

control spool (4) so that it is shifted to the left. 

Pilot oil can flow ма the connected ports AT so that 
the pressure can drop correspondingly. 

Equilibrium of forces once again means that the pres- 
sure is maintained constant, however, now at the lower 
level. 

In the neutral position - proportional solenoid deener- 
gized - the ports A and B are opened to T, i.e. oil can 
flow unrestricted to the tank and pressure is relieved at 
B or A. At the same time, the link РОА or PB is inter- 
rupted. 

With the aid of the pilot valve, we can therefore vary 
the pressure in the ports A or B proportional to the elec- 
trical input signal. 

If the chambers (10) and (12) are depressurized, i.e. A 
and B of the pilot valve, the main spool (8) is held in the 
centre position by the centering spring (9). 


The Effect on the Main Spool 


If, by way of example,solenoid B energizes once again, 


. pilot oil is allowed to flow either internally from the _ 


channel P or externally through the port X via the pilot 
valve to the chamber (10). Here pressure is built up 
proportional to the input signal. The resulting force 
generated by the pressure shifts the main control 
spool (8) against the spring (9) (Fig. 33a) until the 
spring force and pressure force are in equilibrium. The 
value of the pilot pressure therefore determines the 
position-of the-spool which-in-turn- determines the size 
ofthe orifice-type opening and therefore the flow rate. 


The design of the main control spool corresponds to 
that of the directly operated proportional directional 
valves. 


If solenoid A (2) is energized, a pressure builds up in 
the chamber (12) corresponding to the signal. This 
pressure once again shifts the main spool (Fig. 33b) 
against the spring (9) via the tie-rod (13) which is rigidly 
linked to the spool. 

The spring (9) is preloaded between the thrust pads 


PERALES rS у и уд о Ч ШШ... т. ШШ ч. 


ing. 

The use of one spring for both spool directions en- 
sures an identical valve reaction in each direction to 
any given signal, and thus, equal deflection in each di- 
rection. In addition, the thrust pad mounting system 
allows a particularly low-hysteresis to be achieved. 

The spring once again forces the control spool into the 
centre position when the pressure is relieved in the 
pressure chamber. The facilities for pilot oil feed (inter- 
nal or external) as well as for pilot oil outlet (internal or 
external) are the same as those for conventional pilot 
operated directional valves. 
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Fig. 31 Pilot operated proportional directional valve 
Type 4 WRZ, electronic control 


The required pilot pressure is Pst min = 30 bar 
The hysteresis is 6 96. 


The repetition accuracy is 3%. 


—The-characteristic-response-curve-with-stepped-electri- 


cal input signal shows also in this case that the control 
spool takes up its new position without overshoot (Fig. 
32). This is due to the strong centering spring. As a re- 
sult, flow forces also have no effect on the spool posi- 
tion. 


Signal change 0 > 100% 
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Fig. 32 Transition function for stepped electrical input 
signal 
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Throttle (2) 
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Fig. 33 Pilot operated proportional directional valve Type 4 WRZ with single-sided "spring centering" 
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An explanation to the question which is often asked in 
this connection: 


"15 any one type of proportional valves 
with spool position feedback be preferred?" 


It is true that the reproducability of the main spool posi- 
tion with electrical position feedback and constant oil 
temperature is within the range of 0.01 mm. However, 
the fact must be taken into consideration that at various 
oil temperatures (20 °C ... 70 °C), the temperature drift 
of the transducer and of the linkage can lead to chan- 
ges in the spool position which were measured to be 
up to 0.03 ... 0.04 mm at the Mannesmann Rexroth 
laboratories, referred to a total stroke of 4 mm, by the 
spool of a proportional directional valve, Type 4 WRE 
10. The reproducability of the pilot operated proportio- 
nal directional valves included in the Type 4 WRZ 
Mannesmann Rexroth range is in the region of 0.06 ... 
0.07 mm. In this case, there is no temperature drift, but 
rather a direct spring feedback. The overall stroke is 
5.5mm. 


The good repetition accuracy of the 4 WRZ valves is 
achieved by the high spring constant of the spring at 
the main spool in conjunction with the low friction 
spring-centering-(spherical-dome) --large-positioning 
forces relative to the possible disturbing forces. 


Electrical feedback is considered necessary in the 
case of directiy operated proportional directional valves 
since the relationship of the disturbing forces which oc- 
cur to the available solenoid force is particularly unfa- 
vourable (relatively small solenoid force with respect to 
the disturbing forces). 


The high precision, narrow shaped triangular grooves 
in the control spools play a significant role in the good 
reproducability of the control process, both in the case 
of the directly operated and the pilot operated propor- 
tional directional valves included in the Rexroth range. 


Mechanical friction, also caused by dirt particles in the 
oil, is of significance with regard to the repetition accu- 
racy only when the same signal value is to be maintain- 
ed over a long period of time - stick-slip effect. In view 
of the fast changes in the signal value, common to the 
majority of modern systems, the effect of the frictional 
value is extremely low. The valve spool is always operat- 
ed above the stick-slip range. 


In control processes, it is important that, in addition to 
good repetition accuracy and low hysteresis, the posi- 
tioning device, i.e. the proportional directional valve 
also features good dynamics. However, this require- 
ment can be met only incompletely with a proportional 
solenoid control system (inductive solenoid system). 
For this reason, a servo valve control system (torque 
motor) may also be recommended for these cases (see 
Fig. 37). The control characteristics of these devices 
with feed- back are improved with servo actuation. 
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Fig. 34 Directly operated proportional directional valve 
without spool position feedback, Type 4 WRA 10, 
electronic controls 
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Fig. 35 Directly operated proportional directional valve 
with spool position feedback, Type 4 WHA 10, 
electronic controls 
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Fig. 36 Pilot operated proportional directional valve 
without spool position feedback, Type 4 WRZ 10, 
electronic controls 


The advantage of pilot operated proportional directio- 
nal valves without feedback lies in their uncomplicated 
design and the low requirements with regard to electro- 
“nic circuitry, e.g. screened cables. laid separately to 
the positional transducer is rendered unnecessary. 


It is thus not possible to make a clear cut decision for 
any one design on the subject of "Spool Position 
Feedback in Proportional Directional Valve". The best 
solution can be found only by taking into consideration 
the individual case and its requirements. 





Fig. 37 Pilot operated 4-way control valve with spool 
position feedback, Type 4 WRD 16, electronic controls 
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To conclude the subject of proportional directional val- 
ves, the main features are itemized in the following: 


1..Сопсерї as 4/3-way valves with spring centered mid- 
position. = 


2. Low sensitivity to dirt. 


3. Direction and flow control combined in one unit. 
With regard to program sequences, no additional direc- 
tional control valves and throttles are necessary for 
rapid traverse and creep speeds. Speed transition not 
in steps but rather continuously variable. 


4. Relatively long spool strokes as in normal directional 
valves. 


5. The consumer is constantly controlled during meter- 
in and meter-out by two control lands. 


6. In conjunction with electronic controls, acceleration 
and deceleration procedures can be realized extreme- 
ly easily and reliably. 





Fig. 38 Velocity/path diagram 


A = Acceleration or deceleration 
B = Various velocities 
C = Residual velocity before stop 


Acceleration and deceleration periods are specified by 


the electronics and do not depend on hydraulic influen- 
ces (oil viscosity). 


7. Power consumption as for DC solenoids 
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Proportional Pressure Control Valves 


These valves are used for remote pressure setting by 
electrical means where pressure increase and pressure 
drop are additionally influenced with respect to time. In 
this way, the pressure can be changed, i.e. adapted, by 
means of an electrical signal value corresponding to pro- 
cess requirements. 


Direct Operated 
Proportional Pressure Relief Vaive 


The proportional pressure relief valve is designed as a 
poppet valve. It basically consists of the housing (1), 
proportional solenoid (2) with inductive positional trans- 
ducer (3), valve seat (4), valve poppet (5) as well as com- 
pression spring (6) (Fig. 41). | 


The proportional solenoid is a position controlled sole- 
noid. In this case, it replaces to a certain extent the ma- 
nual setting by means of the adjusting spindle. 


A signal value provided via the amplifier results in a 
stroke at the solenoid proportional to the signal value. 
This preloads the compression spring (6) via the spring 
plate (7) and presses the poppet against the seat. The 
position-of-the-thrust-pad- (i.e. solenoid- armature)-and 
therefore indirectly the pressure setting is recorded by 
the inductive positional transducer and monitored by 
the electronic control system in a position control loop. 
Any control deviations from the signal value are cor- 
rected by the closed loop control system. Solenoid fric- 
tion is thus compensated resulting in a high precision, 
reproducable pretensioning force of the spring: hystere- 
sis 1 96 referred to max. setting pressure, repetition 
accuracy 0.5% referred to max. setting pressure. 


The max. setting pressure depends on the pressure 
rating (25 bar, 180 bar, 315 bar). The various pressure 
ratings are achieved by different valve seats, i.e. with 
different seat diameters. Since the solenoid force re- 
mains constant, the highest pressure rating has the 
smallest diameter. 


By way of example for the pressure rating 25 bar, it can 
be seen from the characteristic curves that the maximum 
setting pressure also depends on flow. 


At signal value 0 - power failure to the proportional sole- 
noid or cable breakage at positional transducer - the 
lowest setting pressure is assumed. (Dependent on the 
pressure rating and flow). 


The spring (8) must also be mentioned in this connec- 
tion. It ensures, at signal 0, that the moving parts, such 
as armature, are shifted back in order to always achieve 
the minimum value (Pmin)- It also serves the purpose of 
compensating the weight of the armature when the 
valve is installed vertically. 
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Fig. 39 Directly operated pressure relief valve 
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Type DBETR, amplifier Type VT5003 


Pressure rating 25 bar 


Setting pressure (bar) 


Curve 1 = Flow 02 L/min 
Curve 2 = Flow 04 L/min 
Curve 3 = Flow 06 L/min 
Curve 4 = Flow 08 L/min 
Curve 5 = Flow 10 L/min 


Fig. 40 Setting pressure dependent on the signal value 
voltage 
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Fig. 41 Directly operated proportional pressure relief valve Type DBETR with closed loop position control of the 
spring preload 
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Pilot Controlled 
Proportional Pressure Relief Valve 


Pilot controlled valves are used for applications invol- 
ving higher flow rates. 


The valve consists of the pilot valve (1) with proportio- 
nal solenoid (2), optionally with integrated max. pres- 
sure safety control (3) and main valve (4) with main 
spool (5) (Fig. 44). 


The basic function corresponds to that of the "normal" 
pilot controlled pressure relief valve. The difference 
lies in the pilot control section. In this case, the com- 
pression spring has been replaced by the proportional 
solenoid. It is a "force-controlled" proportional sole- 
noid. A proportional force acting on the pilot poppet (6) 
therefore corresponds to a certain current value, speci- 
fied by the electronic control. A higher input current 
signifies a greater solenoid force and therefore higher 
pressure setting; a lower input current signifies a lower 
pressure setting. The pressure applied by the system 
(port A) acts on the main spool (5). At the same time, 
the system pressufe is applied to the spring-loaded 
side of the main spool (11) via the pHot line (10) equip- 
ped with the orifices (7,8,9). This system pressure acts 
on the pilot poppet (6) via the orifice (12) against the 
force of the proportional solenoid (2). The pilot poppet 
(6) opens when the system pressure increases above 
the set value corresponding to the solenoid force. The 
pilot oil can flow to the tank via the port Y (13). It should 
be noted that flow from port Y is always at zero pres- 
sure. 


Due to the orifice combination in the pilot control line, a 
pressure drop now occurs at the main spool (5) such 
that it is raised from the seat and opens the connection 
from A to B (pump-tank). 








To safeguard the system against impermissibly high 
currents at the proportional solenoid (2) which would 
inevitably result in impermissibly high pressures, a 
spring-loaded pressure relief valve can be installed as 
an additional option in the form of a max. pressure 
safety control (3). This valve can also be used to safe- 
guard the pump. 


When setting the pressure for the max. pressure safe- 
ty control, a certain setting clearance with respect to 
the max. pressure setting must be maintained at the 
proportional solenoid to ensure that it really only res- 
ponds at pressure peaks. 

As a reference value, this "safety range" should be 
approx. 10 % of the max. operating pressure. 

For example: 

Max. operating pres. via electronic control = 100 bar, 
setting max. pressure safety control = 110 bar. 


The various pressure ratings (e.g. 50, 100, 200, 315 


bar) are once again achieved by means of different 
seat diameters. In addition to the standard characteris- 
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tic curves "Operating Pressure dependent on Flow" 
and "Minimum Setting Pressure dependent on Flow" 
the relationship between input pressure and power 
consumption is also of considerable importance. 


The characteristic curve for the pressure rating 200 bar 
is provided as an example. The maximum pressure of a 
pressure rating is always achieved with the maximum 
current of 800 mA. For practical applications, this 
means that the pressure rating should be selectedon 
the basis of the max. pressure required and no higher 
in order to obtain the best possible resolution. 


The characteristic curve also shows that a higher hyste- 
resis results when a different electrical control is used, 
e.g. not VT 2000 without dither current. 


The following values can be achieved with this valve: 


Linearity current - inlet pressure: +3.5 96 
Repetition accuracy: « t2 96 
Hysteresis: +1.5 % 
Recommended filter element роге size: <10 um 


(Pressure filter in supply line). 


| | | | | | | TA 
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Fig. 42 Dependency of input pressure on power cons- 
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Fig. 43 Pilot operated proportional pressure relief valve 
Type DBE, electronic controls 
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Fig. 44 Pilot operated proportional pressure relief valve with max. pressure safety control Type DBEM 


Without max. 
pressure safety control pressure safety control 
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Pilot Operated 
Proportional Pressure Reducing Valve, 
Type DREM 10, 25 


As in the case of the previously described pressure 
relief valve, the force of the solenoid acts directly on 
the pilot poppet. 


The pressure is set in channel A dependent on current 
via the proportional solenoid (2). 
In the neutral position - signal value 0 (no pressure or 
flow at B) - the spring (10) holds the main spool in its 
initial position. The link from B to A is closed, so that a 
jump at the start is suppressed. 
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Fig. 45 Pilot operated proportional pressure reducingvalve, Type DRE 10 | 
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The pressure in channel A acts on the surface (7) of 
the main spool via the pilot control line (6). The control 
channel (8) leads from channel B through the main 
spool to the minimum flow control valve (9). The mini- 
mum flow control valve (9) maintains the flow of pilot oil 
coming from channel B constant irrespective of the 
pressure drop between channel A and B. 

From the flow contro! valve (9), the pilot oil flows into 
the spring chamber (10) and through the holes (11) 
and (12) via the valve seat (13) into the Y-line (14, 15, 
16) to the tank. 
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The pressure value required in channel A is set at the 
corresponding amplifier. The proportional solenoid 
forces the valve poppet (20) against the valve seat 
(13);—there-by--limiting-—the--pressure--in—the-- spring 
channel A is lower than the set signal value, then the 
higher pressure in the spring chamber (10) shifts the 
main spool to the right. The link from B to A is opened. 
There is equilibrium of forces at the main spool when 
the set pressure in A is reached. 


Pressure in A * spool surface area (7) = 
pressure in spring chamber (10) * spool surface area + 
+ spring force (17) 


If the pressure in A increases, the spool is shifted to 
the left in the closing direction B to A. 


If the pressure in A is to be lowered in an static oil co- 
lumn (e.g. cylinder against limit stop), a lower pressure 
which is immediately applied in the spring chamber (10) 
is selected at the signal value potentiometer of the 
corresponding amplifier. The higher pressure in A ac- 
ting on the surface area (7) of the main spool presses 
the main spool as far as it will go against the screw plug 
(18). 

The connection from A to B is closed and from A to Y 
opened. The force of the spring (17) now acts against 
the hydraulic force on the area (7) of the main spool. In 
this position of the main spool, the pressure medium 
can flow from channel A via the control land (19) to Y 
and then to the tank. 


When the pressure in A has dropped to the pressure 
in the spring chamber (10) plus Ap from spring (17), the 
main spool closes the large control holes in the 
bushing at the control land A to Y. 

The residual pressure difference of approx. 10 bar with 
respect to the new set pressure in A is now relieved via 
the fine control! hole (22). This arrangement ensures 
excellent settling characteristics without a  dip-in 
pressure. 











Without max. pressure 
safety control 
without non-return valve 


With max. pressure 
safety control 
without non-return valve 


Fig. 47 Symbols 


chamber (10) to the set value. | the pressure in 








Fig. 46 Pilot operated proportional pressure reducing 
valve Type DREM 20, control electronics 


A non-return valve (5) can be installed as an option to 
facilitate free return flow from channel A to B. A part of 
the flow of oil from channel A simultaneously flows via 
the open control land (19) of the main spool from A to Y 
and to the tank. 


Type DREM 


A spring-loaded max. pressure relief valve (21) can be 
installed on request to provide a hydraulic safeguard 
against impermissibly high electrical control current at 
the proportional solenoid which inevitably results in 
high pressures in port А. 


Note: When the hydraulic oil flows back from channel 
A to channel B via the non-return valve (5), the 
simultaneous parallel flow via Y to the tank influences 
deceleration of the consumer connected to A when 
deceleration is facilitated by a throttle valve (e.g. 
proportional directional valve) in channel B. 

The third path A to Y is not suitable for use as a pres- 
sure relief valve in channel A. 
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With max. pressure 
safety control 


with non-return valve 




















Without max. pressure 
safety control 
with non-return valve 
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Pilot Operated 
Proportional Pressure Reducing Valve, 
Type DRE 30 


The pressure in channel A is set current-dependent 
via a proportional solenoid. 


In neutral position - no pressure in channel B - the main 
spool (4) is opened from channel B to channel A. 

The pressure in channel A acts on the underside of 
the main spool in the closing direction, while the pres- 
sure of the pilot valve acts on the spring side of the 
main spool in the opening direction from channel B to 
A. 

The pilot oil is obtained from channel B and flows via 
the hole (6), fixed flow control (9), hole (7), valve seat 
(10) passed the valve poppet (8), via the Y channel to 
the tank. 

Dependent on the electrical signal value at the propor- 
tional solenoid (2), a pressure is built up at the pilot 
valve (1) which acts on the spring side of the main 
spool. In the controlled position of the main spool (4), 
the oil flows from channel B to A such that the pressure 
in channel A is not exceeded (setting of the pilot valve 
plus main spool spring). 

If the consumer connected to port A does not move 
(e.g. cylinder piston against limit tstop) and a lower pres- 


sure is set via the proportional solenoid (2) for channel 
A, then the main spool (4) closes the connection from 
channel B to A and at the same time opens the 
connection from channel! A to the spring chamber of 
the main spool (4). In this position, the compression 
volume in channel A can be relieved via the pilot valve 
(1) and the port Y. 

A non-return valve (11) can be installed as an option to 
facilitate free return flow from channel A to B. 





Fig. 48 Pilot operated proportional pressure reducing 
valve Type DRE 30, electronic controls 
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Fig. 49 Pilot operated proportional pressure reducing valve Type DRE 30/DREM 30 
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Proportional Flow Control Valves 


2-Way Proportional Flow Control Valve with 
Downstream Pressure Compensator (Size 6) 


The 2-way proportional flow control valve can control, 
independent of pressure and temperature, oil flow spe- 
cified by the electrical signal value. The most important 
components are the housing (1), the proportional sole- 
noid with inductive positional transducer (2), the mea- 
suring orifice (3), the pressure compensator (4) and 
the (optionally) installed non-return valve (5). 


The oil flow setting is determined by an electrical signal 
(signal value) set at a potentiometer. In conjunction 
with the electronic control (e.g. amplifier Type VT 
5010), this set signal value results in a corresponding 
current and therefore a proportional stroke of the pro- 
portional solenoid (stroke-controlled solenoid). Corres- 
pondingly, the measuring orifice (3) is shifted down- 
wards, thereby releasing an opening to flow. The posi- 
tion of the measuring orifice is fed back by the indu- 
ctive positional transducer. Any deviations from the 
signal value are corrected by the closed loop control. 
The pressure compensator maintains the pressure 
drop at the measuring orifice at a constant value. The 
oil flow is therefore independent of load. Good design 
of the measuring orifice ensures a low temperature 
drift. 


The measuring orifice is closed when the signal value 
is zero. The measuring orifice closes in the case of 
power failure or cable breakage at the electrical positio- 
nal transducer. 





Fig. 50 2-Way proportional flow control valve Type 
2 FRE 6, electronic controls 





Proportional Valves, Component Technology 


Starting without jump is possible from zero signal. The 
measuring orifice can be opened and closed with a 
delay via two ramps in the electrical amplifier. 


Free return flow from B to A is possible via the non- 
return valve (5). 
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Fig. 51 Proportional flow control valve Type 2 FRE 6 
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Fig. 52 External pilot operation of pressure compensator 


External closing 
of the Pressure Compensator 


The basic function corresponds to those of the 2-way 
proportional flow control valve already described. How- 
ever, the pressure compensator (4) is closed with pres- 
sure applied via port B (6) (Fig. 52) to facilitate suppres- 
sion of a jump when starting with the measuring orifice 
(3) open (signal value > 0). The internal link (7) bet- 
ween port A and the effective area of the pressure com- 
pensator (4) is closed. In this way, the pressure in P 
prior to the directional valve (8) (see circuit example) 
acts via the external port P (6) on the pressure compen- 
sator (4), thereby holding it against the force of the 
spring (9) in the closed position. If the directional con- 
trol valve (8) is.shifted to the left spool position (connec- 
tion PB), then the pressure compensator (4) moves 


Flow control (A — B) 
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Fig. 53 Flow as function of signal value voltage 
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from the closed position to the controlled position so 
that the jump at start is prevented. 


Through the use of different measuring orifices, va- 
rious maximum flows can be achieved at 100 % signal 
value. The characteristic curves in Fig. 53 illustrate the 
variations. 


A fine control range of, for example, up to 2 l/min (Fig. 
54) can be achieved with a correspondingly designed 
orifice opening. The electrical signal value can be 
infintely varied between 0 and maximum. The frequen- 
cy response (for explanation of the term frequency 
response refer to "Introduction to Servo Valve Techno- 
logy") indicates the rapidity of the valve (Fig. 55). 


Flow control (А — В) 


20 40 #60 80 100 
signal value voltage (%) 


Fig. 54 Flow as function of signal value voltage for val- 
ves with progressive characteristics and stepped rapid 
traverse 
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Dynamics-table Step response (%) | Qmin to Qmax Ти + Tg (ms) Qmax to Qmin Tu + Tg (ms) 
0 — 100 50 60 
10 — 90 45 50 
25 — 75 40 45 
Tu= Time delay Tg= Compensation time 


Fig. 55 Frequency response 


2-Way Proportional Flow Control Valve 
with Upstream Pressure Compensator 
(Size 10 and 16) 


This type of valve is also described in the following for 
the sake of completeness. "Only" for the sake of com- 
pleteness, not because it is of little significance but 
rather because the electrical signal conversion and the 
hydraulic section are well known. The opening to flow 
is changed by means of the stroke of the stroke-con- 
trolled proportional solenoid. The flow control function 
is obtained by the interaction of the throttle orifice and 
pressure compensator. 


The characteristic flow curves can be linear or progres- 
sive depending on the shape of the orifice. 





Fig. 56 2-Way proportional flow control valve Type 2 
FRE 10, electronic controls 
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2-Way Proportional Throttle Valve 
(Cartridge valve) 


This combination unit, can be used as a throttle (orifi- 
ce) or in conjunction with a pressure compensator for 
controlling high flows. The applications include, for 
example, control systems for presses and plastic pro- 
cessing machines. Despite the high flow rates, the unit 
has a fast response time. 


The 2-way throttle valve is an orifice with its opening 
stroke determined by an electrical signal value. 

The throttle valve is supplied as a unit ready for instal- 
lation with installation dimensions to DIN 24 342. The 
bushing (2) is screwed into the cover (1) together with 
the orifice spool (3) as well as the positional transducer 
(4) and the pilot control (5), including proportional 
solenoid (6). | i 

The direction of flow is from A to B. The pilot oil port X is Fig. 57 2-Way proportional throttle valve Type FE..C, 
linked to the port A. The pilot oil outlet Y should be rout- electronic controls 

ed to the tank at zero pressure. 

At signal value 0 (no current applied to proportional so- 
lenoid (6)) the pressure in port A acts via the pilot line X 
and the control spool (10) in addition to the spring in 
chamber (8). The orifice spool (3) is held closed. 

If a signal value is fed to the amplifier card, the signal 
value (external signal) is compared in the amplifier (7) 
with the actual value (feedback of the transducer 
signal). The proportional solenoid (6) is energized with 
a current corresponding to the differential value. 

The solenoid shifts the spool (10) against the spring 
(11). As the result of interaction between the throttling 
points (13) and (14), the pressure in the spring cham- 
ber (8) is set such that the spring-loaded orifice spool 
(3) assumes a position corresponding to the preset 
signal value andtherefore determines the flow. 











Input — in 96 


The orifice spool closes automatically (for safety) in the 1 Ap = 10 bar 3 Ap = 30 bar 
case of power failure or cable breakage. The compo- | 2 Ap = 20 bar а Ар = 50 bar 
nents of the position control loop аге designed such | | 
that the signal value and the stroke of the orifice spool 
(3) are directly proportional with respect to each other. 
Consequently, for constant pressure differences at 
the orifice, the volumetric flow from A to B is only de- 
pendent on the stroke of the orifice spool and the win- 
dow geometry (9). 





Fig. 58 Progressi ve flow characteristics 
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Direct proportionality between the signal value and vo- | 

.. Титеїгіс flow is applicable to the system with linear — 
opening law (FE..C10/L). The quadratic opening law 
(version FE..C10/Q) ) signifies a volumetric flow increas- 
ing as the (signal value) 


Flow in (L/min) 


The two characteristic curves illustrate this fact. 





80 
Input voltage in 96 


l Ap = 10 bar 3 Ap - 30 bar 
2 Ap = 20 bar 4 Ap = 50 bar 











Fig. 59 Linear flow characteristics 
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— Signal value” 
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Fig. 60 2-Way proportional throttle valve (cartridge valve) Type FE..C 
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Installation, 
Commissioning and Maintenance 
of Hydraulic Proportional Valves 


1. General 


In addition to the notes below, advice given in the fol- 
lowing publications should be observed to ensure cor- 
rect operation: 

- the data sheets 

- the VDI Specifications, Commissioning and Mainte- 
nance of Hydraulic Systems, VDI (3027) 


2. Installation 


2.1 Installation Instructions 

Before the valve is mounted in the system, the valve 
type designation should be compared with the order 
data. 

1. Cleanliness: 

- of surrounding area and proportional valve when 
mounting the unit. 

- the tank must be sealed from external contamination 

- prior to installation, pipes and the tank must be clean- 
ed of dirt, scale, sand, metal chips etc. 


- hot bent, or welded pipes must be subsequently - 


3. Commissioning 
3.1 Fluids 


Note recommendations given in data sheet. 

Note pressure and temperature ranges. 

Generally, the following can be used: 

- mineral oil H-LP to DIN 51 525 

- polyglycol in water solution 

- phosphate-ester 

Other fluids on request. 

The maximum temperatures recommended by the ma- 
nufacturer of the fluid should, if possible, not be ex- 
ceeded in order to protect the pressure medium. To 
ensure constant response characteristics of the sys- 
tem, it is advisable to maintain the oil temperature con- 
stant (+5 °C). 


3.2 Is the Correct Sealing Material Used? 

When using HFD (phosphate ester) fluids, and also for 
high temperatures < 90°C, viton seals (designation 
"V") must бе used. . 








~ pickled; flushed and lubricated ~ 

- only use fluff-free material or special paper for clean- 
ing purposes 

2. Sealing material such as hemp, putty or sealing tape 
must not be used. 

3. To ensure high stiffness of the system, hose lines 
should not be used between the valve and the driven 
unit. 

4, The-piping-system-must-be-made-up-of-seamless 
precision steel pipes in accordance with DIN 2391/C. 

5. The connecting lines between the driven unit and 
valve must be as short as possible; 

We advise that the proportional valve is installed in as 
near as possible to the driven unit. 

The mounting surface must have a surface finish of 
Rtmax.< 4 um and be flat to 0.01 mm/100 mm length. 

6. The mounting screws must as specified in the data 
sheet and tightened to the specified torque. 

7. An oil bath air filter is recommended as the filter 
breather. Mesh width < 60 um. 


Any position, preferably horizontal; however, if the pro- 
portional valve is mounted on a driven unit, care should 
be taken to ensure that the valve spool is not position- 
ed paralle! to the acceleration direction of the driven 
unit. 


2.3 Electrical Connection 

Refer to the relevant data sheet for electrical connec- 
tions. 

Special protection classes require special measures 
which are stipulated on the relevant data sheet. 
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3.3 Filtration 

- To ensure long service life, use 10 um absolute pres- 
sure line filters for the proportional control, the filter 
element pore size specified in the data sheet can how- 
ever also be used. 

- The permissible differential pressure for pressure line 
filters must be greater than the operating pressure. 

- Ме recommend-filters equipped-with a filter clogging 
indicator. 

- Absolute cleanliness must be ensured during filter 
change. Contamination at the outlet side of the filter 
is flushed into the system and causes faults and mal- 
functions. 

Contamination at the inlet side reduces the service life 
ofthe filter element. 


3.4 Operating Pressure for the Pilot Valve 

The pilot pressure should not exceed 30 bar. If the pi- 
lot pressure exceeds 100 bar, a sandwhich plate pres- 
sure reducing valve must be installed on the inlet side. 
Pressure peaks from the tank Tine can be avoided wit 
a non- return valve. 


3.5 Solenoid Venting 

To ensure perfect operation, it is necessary to bleed 
the solenoid at the highest point of the valve during 
initial operation. Under certain installation conditions, 
the tank line must. be prevented from running empty by 
the installation of a preload valve. 
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4. Maintenance 


4.1 Return of Valve for Servicing 

When returning a defective valve, itis necessary to pro- 
tect the base surface of the valve from the effects of 
dirt. 

Careful and adequate packing is advisable to ensure 
no further damage is incurred during transport. 


5. Storage 


Storage room requirements: 

- dry, dust-free room, free of corrosive materials and 
vapours 

For storage longer than 3 months: 

- fill housing with preservative oil and seal. 
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Chapter C 


Load Compensation with Pressure Compensators. — 


Dieter Kretz 


Load Compensation with Pressure Compensators 
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Pressure Compensators 


All proportional directional valves which have been des- 
cribed- up until-now-only- represent throttle valves, in 
which the volumetric flow also changes as the pressure 
ratio changes. The volumetric flow decreases as the 
load pressure at the driven unit increases, conversely 
the volumetric flow increases as the load pressure de- 
creases. Throttle valves are therefore useful as control 
devices only when the loads do not vary widely. 


Fig. 1 shows a typical characteristic throttle curve. The 
change in volumetric flow is clearly shown dependent 
on the drop in valve pressure which is directly depen- 
dent on the load pressure in the case of constant 
pump and tank pressure. 


Py = рѕ - APL- APT 


py - Valve pressure drop 

Ps = System pressure = constant 
Арт = Tank pressure = сопѕїапї 
Ap, =Loadpressure = variable 


It is therefore necessary to compensate the load influ- 
ences described above by means of suitable devices. 


Volumetric flow Q in L/min 
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Signal value іп % 


64 L/min nominal flow at a pressure drop in valve of 10 bar 


1 Apv = 10 bar const. 
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Xib 

a — 3-hpv « 30-bar-const.————————— ^ —— = b 
Р | |Т 


ne 
1 
— ——— ———— — —— M - == 


4 Apv = 50 bar const. 
5 Apv = 100 bar const. 


Fig. 1 Characteristic throttle curves 
of a proportional directional valve 
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Load Compensation with 2-way Meter- 
in Pressure Compensator 


The use of a 2-way meter-in pressure compensator, | t , 
see Fig. 2, ensures the pressure drop at the meter-in - Shuttle valve 
throttle edge of the proportional valve is maintained i 

constant. 

In this way, load pressure fluctuations and changes in 
pump pressure are compensated. This also means that directional 
the flow cannot be increased by increasing the pump valve 
pressure. The valve must therefore be selected with A B "A 

regard to its nominal flow in accordance with the diffe- 


rential control pressure of the pressure compensator. Ap- am Hl TI | | 
const. a a УЈр 


Function of the 
2-way Meter-in Pressure Compensator 


Proportional- 


The control orifice A; and the measuring orifice A, are | | 
arranged in the 2-way meter-in pressure compensator — — - + || 
one after the other. Referred to the balanced position V 

of the spool, it will be shown that the pressure drop 
Ap- p4 - po at the measuring orifice remains constant 
as the consumer pressure varies. Without taking the 
flow force into consideration, the following is applicable 
for the balanced position 


2-Way 
meter-in 
pressure 
compensator 


P41*Akzpo* Ak + Fr 
resulting in 


Ар = рн - po = Fe / Ак = constant 





Since a light spring is installed and 
the—control—streke—is—short,the 
change in the spring force is only 
slight and therefore the pressure 
drop almost constant. The control 
spool can only change the opening 
of the control orifice A; when the 
spring force has been overcome. 
The flow control function is there- 
fore effective only when the outer 
pressure difference pp - po is grea- 
ter than РЕ/Ак (control - Ap). 


lf the resistance = flow increases 

—88—-the-fHow-irer : en the 
Outer pressure ee must 
also increase in order to achieve 
the flow control function. 


Fig. 3 Principle diagram 
2-way meter-in 
pressure compensator 
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2-way Meter-in Pressure Compensator in the 
P port, Type ZDC (Sandwich plate design) 


Type ZDC-10-valves are directly-operating sandwich 
plate valves, either 2-way or 3-way units. = 


They are used as meter-in pressure compensators for 
load compensation in the P port of the main valve. 


The valve basically consists of the housing (1), the con- 
trol spool (2), compression spring (3) with thrust pad (4) 
and the cover (5) with built-in shuttle valve (6). 


The compression spring (3) holds the control spool (2) 
in the open position from P to P1 whenever the pres- 
sure difference P1— or P1-B is less than 10 bar. If the 
pressure difference exceeds 10 bar, the spool is 
moved to the left until the differential pressure is re- 
stored once more. 


The signal and pilot oil are both fed internally from the 
pilot line (7) from channel P1. The pilot oil required (X- 
channel) for the pilot operated proportional directional 
valve (4 WRZ) can either be obtained internally from 
the P channel or externally as required. 


The 3-way pressure compensator differs only with re- 
gard to the design of the spool. 


The 2-way and 3-way pressure compensator is avai- 
lable in the sizes 10, 16 and 25. 
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Fig. 4: 2-way meter-in pressure compensator in P-port, Туре ZDC 
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When using standard proportional valves without pres- 
sure compensation, a volumetric flow resolution of 1 to 
20 is still obtained in valves with spring feedback or 1 to 
100-in-valves-with-electrical feedback: This-range can 
be considerably extended by the use of a pressure 
compensator. Fig. 5 shows curves which indicate the 
resolution of the volumetric flow of a typical proportio- 
nal valve with pressure compensator. In the illustrated 
case, a volumetric flow resolution of 1 to 300 has been 
achieved, the pressure/flow characteristic is good over 
the entire range. 


© 


= 
© 


0,8 


Volumetric flow О (L/min) a 


Differential pressure ps - pj in bar 


As the flow increases, the outer pressure difference 
(Ps - pj ) must also increase in order to achieve the flow 
control function, i.e. the flow is no longer dependent 
on Ap. 

Fig. 6 shows the dependency of this outer pressure 
difference on flow. 





Start of control 


Ppump - Pload 





Pressure difference Ару}, (bar) 


Pmin 


20 40 60 80 
Flow in L/min 
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Fig. 5 Volumetric flow resolution of a 
proportional directional valve with 
meter-in pressure compensator 


kk 


If it were decided to operate with Q= 100 L/min, and a 
load pressure of p= 120 bar, a pump pressure of: 


Рр= PLoad + Pmin = 120 bar + 22 Баг = 142 bar 
would be required. 


Bo | ||| 
Throttle range ВЧ 


100 120 140 160 


Fig. 6 ртт Том curve 





Fig. 7 

Pilot operated proportional directional valve 4WRZ with 
meter-in pressure compensator ZDC - internal pilot oil 
feed - sandwich plate design 


When the sandwich plate pressure compensator is 
used in conjunction with pilot operated proportional di- 
rectional valves, in principle the proportional valve with 
"external pilot oil supply" should be used. The "internal 
or external pilot oil supply” version of the pressure com- 
pensator can be used. With direct operated proportio- 
nal directional valves, the pressure compensator with 
"external pilot oil" must be used. Oil must not reach 
port X as in the directly operated proportional directio- 
nal valves, there is no seal at this point. 
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Fig. 8a 

Directly operated proportional directional valve 4 WRE 
with meter-in pressure compensator ZDC - external 
pilot oil feed - sandwich plate design 


— 
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Pilot operated proportional directional valve 4 WRZ 
with meter-in pressure compensator ZDC - external 
pilot oil feed - sandwich plate design 
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Load Compensation with 3-way Meter- 
in Pressure Compensator 


Up until now, 2-way meter-in pressure compensators 
have been discussed which are primarily used in indus- 
trial systems. 3-way meter-in pressure compensators 
(Fig. 10) are used more rarely despite their increased 
degree of efficiency. They can, however, in some 
cases be produced relatively easily by changing the 
spool in 2-way meter-in pressure compensators. The 
load application point corresponds to that of the 2-way 
meter-in pressure compensator. The resolution capaci- 
ty and pressure/flow characteristic are identical to 
those of the 2-way meter-in pressure compensator. 
They are mainly used in conjunction with fixed pumps. 


Function of 
3-way Meter-in Pressure Compensator 


When using the 3-way meter-in pressure compensa- 
tor, the fixed measuring orifice A2 and the orifice 
opening A1 controlled by the pressure compensator 
are arranged in parallel. 

The control orifice A1 releases an outlet opening. 

The following applies with regard to the balanced posi- 
tion of the control spool: Without taking into conside- 
ration the frictional-and flow forces. 


Pı Ak zpo* Ак + Fr 


Ap -p1- P2 
= Fe / Ax = const. 


The pressure drop is once again 
held constant at the measuring ori- 
fice, thereby achieving a flow Q in- 
dependent of the changes in pres- 
sure. 


Contrary to the 2-way pressure com- 
pensator where the pump must 
constantly produce maximum pres- 
sure, when using the 3-way pres- 
sure compensator, the working 
pressure is greater than the driven 
unit pressure only by the amount of 
the pressure drop Ap at the measur- 
ing orifice. 

As a result, the power loss is consi- 
derably less. If a W- spool is used in 
the proportional valve (A and B in 
centre position linked to tank) a 
bypass is provided from the pump 
to the tank with a retaining force 
amounting to the differential con- 
trol pressure. 


Fig. 10 Principle diagram 
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Fig. 9 Circuit example 
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Important Information on the Use of 
the Meter-in Pressure Compensator 


Meter-in..pressure..compensators..are..known..to..have 
the disadvantage of not operating correctly under con- 
ditions involving deceleration, or counter balancing. 
Particularly when the de-celeration pressures are 
higher than the pressure drop defined by the spring 
for the meter-in throttle edge. 

Circuits equipped with a shuttle valve no longer signal 
the pressure on the inlet side (A) during the decelera- 
tion phase but rather the pressure on the outlet side 
(B) (Fig. 11) which at this moment is higher, thereby 
causing the pressure compensator to open. As a re- 
sult, the volumetric flow through the proportional valve 


» | A | | 
increases. МИ А МЕЗЕ B 

The drive has a tendency to accelerate, however, the | V X kE Kr EN 
closing movement of the proportional valve acts ! eh Seo a 
against this. Cavitation is effectively prevented on the | | P [7 T b 
feed side. | = 


The drive is decelerated by a simple throttling effect 
(not flow controlled). 


In circuits without a shuttle valve, cavitation can occur 
due to holding the inlet pressure drop constant. This 
can cause considerable damage, particularly when a 
retaining force such as a deceleration valve (Fig. 13) or 
pressure control valve (Fig. 12). 


If none of the two retaining forces is provided, the use 
of the meter-in pressure compensator must be restrict- 
ed to drives with distinctly positive direction of load. 





Ye Fk dat 
с 


b 














Fig. 11 Pressure control valve as retaining force Fig. 13 Deceleration valve as retaining force 
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Deceleration Valve Type F 
(Check-Q-Meter) 


The check-Q-meter basically consists of the housing 
(1), main spool (2), auxiliary spool (3), control spool (4), 
drag spool (5) and control damper (6). 


Its functions are: 


- Controlled check valve, free of leakage oil 

- Q-meter; it controls the outgoing oil flow О» corres- 
ponding to the oil flow Q4 fed on the opposite side of 
the consumer. The area ratio must be observed in the 
case of cylinders (Qo = О. • Ф). 

- Bypass valve due to free flow in opposite direction 

- Secondary pressure relieve valve by means of additio- 
nal attachment (only flange version possible). 


Lifting the Load 


The main spool (2) is opened for free flow from A to B. 
The main spool (2) is immediately closed if the pres- 
sure drops below the load pressure (e.g. pipe break 
between directional control valve and port A). This func- 
tion is obtained by connecting the load side (7) with 
the chamber (8). 


Lowering the Load (See Fig. 14) 


The direction of flow is from B to A. Port A of the check- 
Q-meter is linked to the tank via the directional control 
valve. A quantity of oil is applied to the piston side of 
the cylinder corresponding to operating conditions. 


DE 


AA 


ЗИД N.N 
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Fig. 14 Check-Q-Meter 
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The ratio pilot pressure at port X : Load pressure at port 
B=1:20. 

When the pilot pressure is reached at port X (1/20 of 
load pressure) the main poppet is preopened; the ball 
in the main poppet is raised from its seat by the control 
spool (4). 

As a result, the chamber (8) is depressurized via the 
hole in the auxiliary piston (3) and via side A to the tank. 
At the same time, the load pressure applied to the 
chamber (8) from chamber B is interrupted by the 
longitudinal movement of the auxiliary spool (3) in the 
main poppet. The pressure at the main poppet (2) is 
relieved. During this procedure, the position of the, 
control spool (4) is such that its face end is resting on 
the main poppet (2) and its collar on the drag spool (5). 
The pressure at port X necessary for opening B to A is 
now only influenced by the spring in chamber (9). The 
initial pressure for opening the connection B to A is 20 
bar; a pressure of 50 bar is required for complete 
opening. 


The relationship between pilot pressure, opening area 
and the differential pressure over the connection B to 
A determines the outlet oil directly dependent on the 
inlet oil at a driven unit, so that uncontrolled advance of 
the driven unit is not possible. 


It is normally possible to influence the opening and 
closing characteristics of the deceleration valve by the 
use of a throttle/non return valve in the X line - meter- 
out throttling. 
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System Supplements Bree ey. |” FIR ока are = 
1. Max. Pressure Limitation | | Kh _ | 
Max. pressure limitation for the drive can be achieved if | | 
the spring chamber of the compensator is connected | 
to a pressure relief valve as shown in Fig. 15. | 








we. 1] 
PT 













throttle edge if the load application point is directed as | P1 T 
shown in Fig. 16 via a pressure relief valve. | + —| 
| 


A| |B 
2. Variable Ap патша тони 
As already described, the pressure drop across the VV ok VV. | 
throttle is initially determined by the pre-load of the «X | 
built-in spring. === — | 
The differential pressure can be infinitely varied at the P Т | 
| 
| 
| 
| 


id 


Fig. 15 Meter-in pressure compensator with max. pres- 
sure limitation 
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Ap= const. | Ap- variable 
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Fig. 16 Ap variable via pressure relief valve 
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ап 
Load Compensation with Meter-out pressure compensators of que of the 
Meter-out Pressure Compensators are available for the sizes 16, 25 and 32 In ment there 


commonly used spool valves. This arrange" ^, o tunt- 
fore combines the compensator function E required 
tion of the pilot operated check valve norm? ^ «pen 
to support vertical loads, since these рө д flow ЇЇ 
sators leak-free.The poppets simply lift 10 а 55 checks 
the opposite direction thereby making by-P 
unnecessary. 


In systems in which the direction of applied load rever- 
ses, the use of meter in compensators is severely re- 
Stricted. In such cases, a meter-out pressure compen- 
sator is often used, arranged in one or in both connec- 
tions of the driven unit depending on the application. 

The meter-out pressure compensator is always mount- 
ed in the outlet between the driven unit and the pro- 
portional valve and maintains the pressure drop con- 


stant from A or B to the tank. — отреп“ 


Fig. 17 Circuit example meter-out pres 
sator of poppet valve design 
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Meter-out Pressure Compensator with 
Cut-off Function 


The-unit-basically consists.of the housing (1), the valve 
elements (2.1) and (2.2) as well as the pressure relieve 
valve (3). 


The amount and direction of the oil flow are preset at 
the signal value potentiometer of the proportional direc- 
tional valve. 


If for example, the pump is switched to port A, the fluid 
flows via the valve element (2.1) to the driven unit. In 
this case, the valve element (2.1) functions as a non- 
return valve. At the same time, the flow of pilot oil is 
derived from the flow delivered by the pump and 
routed to the chamber (5) via the control spool (4.1) 
acting as a load compensating flow control valve. This 
flow of pilot oil builds up a pressure in front of the 
pressure relief valve (3) which is applied to the B side 
of the control spool (4.2) via the orifices (6) and (7). 


In addition, the outlet of the pressure relief valve is 
linked to the channel T. The control spool (4.2) opens 
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the pressure relief poppet (8) against the load- pres- 
sure applied in the spring chamber (9) (max. 315 bar). 
At the same time, the pressure relief poppet (8) closes 
off the link to the load pressure. In the spring chamber 
(9) the pressure is applied via the pressure take-off at 
the relief poppet (8) in front of the proportional direc- 
tional valve in channel B. This pressure also acts on the 
annulus side and the face area of the contro! spool 
(4.2). 


The pressure drop from B to T over the proportional 
direc-tional valve is therefore constant. This pressure 
drop is controlled by the control land (10) and repre- 
sents the pressure difference in chamber (11) minus 
the spring force (12). The force of the spring (13) is of 
no significance. 


The valve element (2.1) in A functions as previously 
described when the proportional directional valve swit- 
ches the pump to B. 
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Fig. 18 Sectional view of meter-out throttle isolating pressure compensator of poppet design 
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Caution 


When using the meter-out compensators with cylin- 
ders with differing area ratio, there is the danger of pres- 
sure intensification (see flow control valve in outlet) to 
the rod side of the cylinder. 


lf pressure intensification is likely to occur, a meter in 
pressure compensator should be used with a suitable 
load compensating valve. 


load compensating valve. 
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4 WRZ .. W1-30 
ZDC ... – 20 
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9 Meter-in pressure compensator with brake valve 
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Application Limits and Circuit Options 


Which open loop controls сап be realized 
with.the.meter-out.pressure compensator? 

All open loop controls for hydraulic motors, cylinders 
with double piston rod or cylinders with single-sided 
piston rod provided the pressure intensification on the 
cylinder annulus side defined by the meter-out throttle 
isolating pressure compensator is acceptable. 


Which open loop controls are not possible 

with the meter-out pressure compensator? 

A meter-in pressure compensator must be provided if 
pressure intensification on the annulus side is to be 
avoided. The check-Q-meter on the B side acts as a 
load holding valve (see Fig. 19). 

The regenerative circuit (Fig. 20) cannot be implement- 
ed with the meter-out pressure compensator. A meter- 
in pressure compensator is necessary for this purpose. 


ХР. КАЛЕ EN 





While the cylinder is extending, the maximum decelera- 
tion-pressure- corresponds-to-the-pump-pressure-and 
is normally sufficient. 


In the control of a plunger cylinder (Fig. 21), a meter- in 
pressure compensator (red area) is necessary for the 
up stroke and a meter-out pressure compensator 


(green area) for the down stroke. 


@e 


Fig. 21 
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Fig. 21 

In the case of high flow rates, load compensation can 
be realized by means of 2-way cartridge valves (logic 
elements) with pressure reducing function (DR) or pres- 
sure limiting function (DB). 


2-Way Pressure Compensator 
Pressure Reducing Logic Element 


The 2-way valve with pressure reducing function must 
always be arranged in the direction of flow in front of 
the throttling point in order to obtain a constant pres- 
sure drop at the throttle. 


The control lands of the 2-way valves have been modi- 
fied for load compensation applications. 


To ensure adequate damping properties of the 2-way 


valve, an orifice is normally installed in the cover. Orifice 
size is chosen to suit the valve size. 


a mm rr a ee Fun 


Fig. 22: 2-way valve for load compensation 
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In various applications it is of advantage when the 2- 
way valve opens without damping and closes con- 
trolled via a jet. For this reason, a cover is available with 
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Guidelines in project engineering 


Circuit examples 
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Fig. 26: 2-way meter-in pressure compensator Ap variable Fig. 27: 2-way meter-out pressure compensator Ap variable 
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1) Load compensation for positive and negative loads 
for cylinders and hydraulic motors with no regenerative 
circuit, using logic elements. 

Care must be taken in the case of cylinders with an area 
ratio=2:1 to ensure that the main spool of the propor- 
tional directional valve has the throttle opening ratio of 
211. 
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2) Load compensation for positive and negative loads 
for cylinders with an area ratio of 2:1 with a generative 
circuit including logic elements. 
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3-Way Pressure Compensator in 
Pressure Limit Function 


The-built-in-valve-for-the-pressure-limiting-function-is 
de-signed as a spool/poppet valve without area diffe- 
rence (no effective area at port B). It is always arranged 
parallel to the throttling point. 
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Fig. 31: 3-way pressure compensator Ap = 8 bar Е Fig. 32: 3-way pressure compensator Ap variable 
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Fig. 33: 3-way pressure compensator Ap variable with may. pressure limitation and electrical ак 
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Fig. 34 List of equipment available 
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Load Compensation 
with 2-way Cartridge Valves 


Aids in. project. engineering. for the correct 
selection of the size for logic elements 


If pressure reducing logic elements are used as a pres- 
sure compensator for flow control, the characteristic 
curves for the pressure reducing function specified in 
the data sheet cannot be used for selection. The 
following observation indicates the selection criteria 
and their derivation for this particular application. 


Power Limit for Pressure Control 


In the case of the pressure reducing function, the pilot 
pressure for the spring side is obtained directly at the 
output of the element (see Fig. 36). 

The power limit is reached when the spring force is 
compensated by the impulse forces of the flow. While 
neglecting the unsteady proportion, the axial compo- 
nents of this impulse force for the contro! volume 
shown in Fig. 35 is obtained from the following relation- 
ship: 

Fax = 9 ° Q (WE * cos & + Wa) 


where 

Fay = Force in axial direction 

Фф = Density of the flowing medium 
Q = Volumetric flow 

WF, wa = Inlet and outlet speed 

91 = Inlet angle 


In this case, the calculation of Fax involves conside- 
rable difficulties since the angle o is difficult to deter- 
mine accurately due to the relatively complicated geo- 
metry of the control land (holes plus fine control groo- 
ves), this also applies to the outlet speed од due to the 
short distance between the point of deflection and 
outlet from the control volume. 




















Fig. 36 


However, it is relatively simple to determine Fa, by ex- 
periment. 

The spring pretension F4 is known. 

If Fax is greater than F4, the piston moves in the closed 
direction. Thus, for the pressure reducing logic ele- 
ments, this point is reached when the flow can no lon- 
ger be increased. Itis thus a function of Ap. 


Power Limit for Flow Control 


If the logic elements are used as a pressure compensa- 
tor for flow control, the pressure for the spring chamber 
is obtained after the control orifice (proportional valve) 
(Fig. 37). The power limit for flow control is reached 
when the sum of the previously described impulse 
forces Fay, App, of the orifice and the Ap, of the con- 
necting line balances the spring force F4. 


Fy = Fax+ Арві Ak + APL * Ак 
Ax = Spool area 


The diagrams show the previously specified relation- 
ships for the sizes 32 and 40 (Figs. 38 and 40). The 
horizontal lines represent the spring pretension F4 in- 
dependent of flow and referred to the relevant spool 
area Ay in the form of Ap. 


F4/A« = constant 


These lines are terminated at the maximum flow rates 
determined from the pressure reduction measure- 
ments, at which the spring forces are compensated by 
the flow forces. The connecting lines of these termina- 
tion points are represented by the following function 


Fay/Ax = КО). 
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Fig. 37 

The pressure difference 

Арві + APL = (F4 - Fax)/Ax 

available across the orifice and associated throttle 
system, can be read off for each spring referred to set 
maximum volume as the vertical distance between the 


two curves 


F4/Ak = constant and F,,/A, = КО). 








Example for 
version 80: 


6 
- MERE Ааа] 


4 F version 40 





Example 
The load in a control for Q = 340 l/min is to be compen- 


sated with the aid of a pressure reducing logic 
element. 

A valve type 4 WRZ 32 E 360 is used, i.e. 360 l/min at 
10 bar, total valve pressure drop. Therefore 5 bar Ap 
per control land is available for 340 l/min, so that the 
following Ap is necessary at the control edge 


Q = Qu * VAp/Apy 


Ap = (Q/Qy )* • Арм 

Ap = (340/360)2 • 5 = 4,45 bar = 5 bar 
Ом = Nominal flow of valve 

Ару = Nominal Ap of the valve 

Ap =Required Ap 


The correct logic element can be selected with the aid 
of the characteristic curves. In the case of the logic 
element LC32 DR 80, a Ap of only approx. 3 bar would 
be available for the valve at 340 l/min, i.e. the Ap at the 
valve would be too low to guarantee the required flow. 













— - 
versond | 


| 


340 


Q in L/min 


Fig. 38 Power limit for 2-way cartridge valve, size 32 
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It is now possible to increase the Ap by changing the 
circuit (see Fig. 39). The version LC 32 DR 40 (with 4 
bar spring) should however, be used in this case. 


The other alternative would be to select a larger logic 
element LC 40 DR 80. At Q = 340 l/min, this permits a 


N N | y \ AN | Ap of 7 bar at the valve throttle edge. 
Ра 2 XLI i 





Ap- variable 





Fig. 39 Pressure compensator with variable Ap 


Example for ApBL + Apt = 
version 80: 


6 version 50 
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Fig. 40 Power limit for 2-way built-in valve, size 40 
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Definitions and Explanations 


In this chapter, the most important components of the 
— electronic-.controls. for. proportional valves are ех- 
plained together with terms, functions and block dia- 
grams. This is intended as an aid for those who pre- 
viously have had little or nothing to do with this subject. 


Ramp Generator 


The ramp generator produces from a stepped signal 
value as the input signal a slowly raising or falling out- 
put signal. The change of the output signal with time 
can be varied by means of a potentiometer. 


The operating principle of the ramp generator is based 
on the concept that the capacitor C can only be charg- 
ed at the rate allowed by the potentiometer so that the 
output voltage constantly changes slowly with respect 
to a stepped input signal. 


The increase in the output voltage can be influenced 
via the variable resistor R, thereby determining the 
charge rate of the capacitor. 





The set ramp time is always referred to 100 % signal 
value (stepped input signal). 


Example 
Set ramp time of max. 5 seconds at 100 % signal value: 


If, for example a signal value of 60 % is set then the 
signal value is reached after approx. 3 seconds. 





Fig. 1 Hamp generator 


e.g. step from 0 to 100% 


Input signal Ug 
Output signal U, 


Time t 


Set 


e.g. step from 100 to 0% ramp time 


E signal Од 


| 


Ingiut signal Ug 


oet 
ramp time 





Fig. 2 Stepped signal, ramp time 
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0 Ramp time t (sec) 

> = 100% 
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Fig. 3 Ramp time as function of input signal 
Pulse Width Modulated Output Stage 


The signal value voltage is converted into a solenoid 
current in the output stage. 

The solenoid current is pulsed in order to maintain the 
power loss of the output stage and therefore the ther- 
mal load of the pc board as low as possible . 


The pulse frequency is determined with the clock 
pulse generator dependent on the type of valve. 

The effective current to the solenoid is dependent 
upon the on/off time ratio of the output power tran- 





sistor. 
Example 
Signal value 


Solenoid 





Fig. 4Pulse width modulated output stage 
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a) Output stage fully "оп" 








U 


+UL = 
constant 


Area corresponds to EEE area 


resulting in leff for solenoid valev. | | 


The pulsed voltage produces a certain current leff over the resistance of the solenoid. 


і 
р) Output stage partly "оп" 


о { 


— шшш e ЕРЕ > 
шз: cco om -— — — — -—  -—- —á—Xs aà— ——á n" 






leff 
for solenoid 





_ Pulse width 


NSS rea corresponds to  ^геа 


resulting in је for the solerioid. 


The pulse width (i.e. the area under the pulses), produces an equivalent effective output current. 


Fig. 5 Pulse width modulated output stage fully and partly "оп". 
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Power Supply 


The power supply for all proportional amplifier cards 
can be formed as shown in Fig. 6. 


To increase reliability, 2 terminals are always used for 
connection of the power supply (Fig. 7). 






a) Smoothed DC voltage 
Uz 30V ... 35V 






U 


30V DC to 
35VDC 








b) Full-wave bridge rectifier stage 
corresponding to single phase full-wave rectification 
Ueff= 24V 310% = 21,6V ... 26,4V 








с) Three-phase bridge rectifier stage 
corresponds to 3-phase full-wave rectification 
Ueff= 28Veff ... 35Veff 





Fig. 6 Power supply 
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VT-3000-S-350'| 


Example: 


+ 24V 


Supply 
voltage 


OV 


Fig. 7 


Example 
Configuration of the voltage supply stages on the am- 


plifier cards based on the example of the single-phase 
full-wave rectifier stage (Fig. 8). 


Conversion of the voltage available from the consumer 
network takes place in the first section from 220 V AC 
to 24V DC. It is then fed to the amplifier card. 


The input voltage is smoothed in the 2nd section. 


Conversion of the smoothed voltage into a stabilized 
voltage of 18V takes place in the 3rd section. By selec- 
ting a new reference point MO, the stabilized voltage of 
+9 V is obtained referred to this point MO. 


The followin 


- The power supply must be disconnected before un- 
plugging the amplifier card. 


oints must be observed for all amplifier 


- Measurements on DC voltage scale only. 


- Test point (MO) is raised by + 9 V with respect to 0 V 
supply voltage. 


- Do not connect MO to 0 V supply voltage. 


- Do not connect the ground symbol on the inductive 





- A minimum distance of 1 m must be maintained from 
radio equipment. 


- Signal values must be switched only by means of 
contacts, suitable for currents 1 mA. 


- Signal value lines and lines of the inductive positional 
transducer must be screened. Screen to be open on 
one end: connect card end to 0 V supply voltage. 


- Do not lay solenoid lines in the vicinity of power carry- 
ing lines. 














220V = 





* 





= 


1st section 


24V =eff— 


Fig. 8 ЕО а full-wave rectifier — 
Cable Break Detection 











The cable break detection facility monitors the supply 
line to the transducer. In the case of fault, i.e. one of 
the three cores of the connecting cable for the posi- 
tional transducer is broken, the power to both sole- 
noids A and B is cut and the valve assumes its mid-posi- 
tion. 











24V = eff 
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(*) 


(-) 























External же Amplifier card 


3rd section 


Step Function Generator 


The step function generator produces a constant out- 
put signal at signal value voltages greater than 100 mV. 
The output signal is 0 V at signal value voltages less 
than100 mV. 


The output signal of the function generator causes a 
current step at the solenoid. This current step serves 
the purpose of quickly overcoming the positive overlap 
of the proportional valves. 


eee 








eee 


— — m zm, 











Fig. 9 Step function generator 
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| Controller on Proportional Amplifier Cards 


| The controllers of the proportional amplifier cards are 

| specially adapted to the various types of valve. Corres- 
ponding to the difference signal value - feedback 
value, the controller produces an output signal which 
controls the pulsed output stage. 

















Е Summator i 
Uri UA = -(UEl + UE2) | The summators on the proportional amplifier cards add 
h | two voltages, whereby the addition signal is inverted. 
E2 

eg. уе = + 4/ Ое = + 2V 

Ua = — 6V 
Or Um = +4V Uez= - 2V 

Ua = -2V 





Fig. 11 Summator mM 


Inverter 


Uc — Ue The purpose of the inverters on the proportional ampli- 
-1 fier cards is to reverse the polarity of the input 
voltage. 





| 
e.g. -5\ from +5V | 
[ко CLT 3 У ТОГО 3 Уа 














Fig. 12 Inverter 
Potentiometer 


The potentiometer is an ohmic resis- 
tor with a variable wiper. 


If the ends of the potentiometer are 
connected to 0 V and 10 V, any 
value betwen 0 ... 10 V can be ob- 





Example | 
At a setting of 60 %, a voltage of 6 V | 


is available at the wiper. 


Wiper voltage Шс in % 








Fig. 13 Potentiometer 
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Pilot Current 


The pilot current is a solenoid cur- 


‘rent. The pilot current of the sole- 


noid is applied as soon as the am- 
plifier card is connected to the supp- 
ly voltage and the valve on the am- 
plifier is also connected. It is used 
for maintaining the pulse frequen- 
cy, for premagnetization of the sole- 
noid and ensures the solenoid of 
the valve starts quickly from its initial 
position when a signal value is 
given. 


Inductive Positional Transdu- 
cer on the Valves 


The inductive positional transducer 
serves the purpose of contactless 
measurement of the spool stroke. 


The inductive positional transducer 
consists of a cylindrical body carry- 
ing the coils in which a measuring 
armature with a ferromagnetic core 
is immersed. 


The sensor consists of two coils 
which are connected such as to 
form an inductive centre tapped 
coil. 


The inductive positional transducer 
is fed with a carrier frequency of 2.5 
kHz. The amplitude of this carrier fre- 
quency varies at the output depen- 
ding on the position of the measur- 
ing armature. The inductance of the 
coils varies as the measuring arma- 
ture is shifted. 





(jal = Reactance) 


In conjunction with the inductance, 
the AC resistance Z,, also changes 
and therefore the output amplitude 
of the frequency. 


The output amplitude is equivalent 
to Us when the measuring armature 
is in the centre position. If the mea- 
suring armature is deflected, the 
output amplitüde (Fig. 15) shifts in 
direction-Us4-or Uso. 

The demodulator converts the out- 
put amplitude into a corresponding 
DC signal. 


Oscillator 


Measuring distance 


Test point 1 
Demodulator Coil 2 


Measuring armature 
with ferromagnetic 
core 





Fig. 14 Schematic diagram of inductive positional transducer 





Fig .15 Output amplitude measured at test point 1 corresponding to Fig. 14 
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Proportional Amplifiers for 
Proportional Valves 


Euro-format 100x160 mm. electronic circuit. boards 
have been developed and standardized for the various 
proportional valves. Each amplifier card is assigned to a 
certain type of proportional device in order to achieve 
optimum adaptation and therefore optimum results. 


The proportional amplifiers are divided into two cate- 
gories: 


- Proportional amplifiers for valves without electrical 
feedback (for force-controlled proportional solenoids) 


- Proportional amplifiers for valves with electrical feed- 
back of the proportional valve spool (for stroke-controll- 
ed propor-tional solenoids). 


Proportional Amplifiers 
without Electrical Feedback 


Proportional Amplifiers for 
Proportional Pressure Control Valves 


The. function. of the. proportional amplifier- is described 
based on the given block diagram. 


The supply voltage is applied to the terminals 24 ac (+) 
and 18 ac (0 V). 

This supply voltage is smoothed on the amplifier card 
(1) and a stabilized voltage of +9 V is derived from this 
smoothed voltage. 

The stabilized voltage of +9 V is used for: 


a) The supply of external or internal potentiometers. 
The voltage + 9 V is tapped off at 10 ac 
-O Vat бас. 


b) The supply of the internal operational amplifiers. 


A potentiometer R2 for signal value setting is mounted 
on the amplifier card. In order to set a signal value 
voltage at R2, the stabilized voltage of -- 9 V must be 
applied to the signal input 12 ac. The signal value 
voltage tapped off at the potentiometer R2 is fed to the 
ramp generator (2). 


The ramp generator (2) generates from a stepped 
signal a slowly raising or falling output signal. The slope 
of the rise of the output signal, i.e. the change with 
time, can be set via the potentiometers R3 (for up 
ramp) and R4 (for down ramp). 


The specified ramp time of max. 5 seconds, can only 
be reached over the entire voltage range (from O V to + 
6 V) measured at the signal value test sockets. A signal 
value voltage of + 9 V at the input produces a voltage 
of + 6 V at the signal value test sockets. 
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The output signal of the ramp generator is fed to the 
pulsed output stage (3), as well as the voltage signal 

of the potentiometer R1. 

The pilot current for the proportional solenoid can be 
set at potentiometer R1. 


The output stage (3) actuates the proportional sole- 
noid at max. 800 mA. The current flowing through the 
proportional solenoid can be measured at the test 
socket X2 as a DC voltage (1V = 1A). 


Test Points on Proportional Amplifier 


Caution 


Measured on DC voltage setting. 


1) Measure the supply voltage of + 24 V at the 
terminals 24 ac with respect to 18 ac. 


2) Measure the stabilized voltage +9 V 
19 V at 10 ac with respect to 14 ac 
-9 Vat 16 ac with respect to 14 ac 


3) Measure the signal value voltage of 0- to +6 V-at the 
signal value test socket X1 


4) Measure the solenoid current of O to 800 mA at the 
socket X2 (1V = 1A) 


Control Example 


The following connection assignments remain con- 
stant: 

- Valve connection at 22 ac and 20 ac 

- Supply voltage 24 V at 24 ac (+) and 18 ac (-) 


Function 

- Remote setting via potentiometer with call via relay 
- Remote setting via differential input 

- Switch off external ramp up and down 
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Fig. 16 Proportional amplifier Type VT 2000 S 40 
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Differential input ~ mal 5 > (2) 
0... 10V - ~ 


Potentiometer 12ac 
input T 
A 6ac 
LÀ 
svo 10ac 
14ac 


= 16ac 
9v С (1) 


Full-wave bridge rectifier 
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stage 24Veff. +10% +2, 028 YNY Ar 
Supply voltage w 9188 aN Аа | | x2 | 
Three-phase bridge 100Hz/200Hz 1Bac 
28Veff. ... 35Veff. | 
Fig. 17 Terminal connections proportional amplifier VT 2000 S 40 
|| ~ Signal value 0... +6V 
Ramp ОП: Pa eee 6327] [iac — ze 
| | х1 '| 
-- 
ир down 7 | 
Signal value +10v — = (2) 


Differential input ov —< 





Potentiomete | 12ас 


* 


input | 








Selection of mos 
potentiometer Full, 
Full-wave bridge rectifier 
stage 24Veff. +10% 
Supply voltage 


Three-phase bridge 
ггвмећ о З5бме — — 


Fig. 18 Control example with proportional amplifier Type VT 2000 5 40 








Signal value 
0...+6V 


Ri= Pilot current 

R2= Maximum current 
R3= Ramp time up 
R4= Ramp time down 





Solenoid 
mV = ПА 


Signal value 
0... 46V 


R1= Pilot current 

R2= Maximum current 
R3= Ramp time up 
R4= Ramp time down 
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Proportional Amplifier for 
Pilot Operated Proportional 
Directional Valves without Feedback 


The function of the proportional amplifier is described 
based on the given block diagram. 


The proportional amplifier receives its voltage supply 
via the terminals 32 ac (+) and 26 ac (0 V). The supply 
voltage is smoothed on the amplifier card (7) while at 
the same time being used to form a stabilized voltage 
of +9 V. 


The stabilized voltage +9 V is used 


a) for supplying the external potentiometers or the 
internal potentiometers and can be tapped off at 20 ac 
(+ 9 V) and at 26 ac (- 9 V). 


b) for supplying the internal operational amplifiers. 


4 potentiometers are mounted on the amplifier card for 
setting the signal values R1 to R4 (8). In order to set a 
signal value voltage, the 4 terminals of the signal inputs 
12a, 8a, 10a, 10c must be connected to the stabilized 
voltage of + 9 V terminal 20c or - 9 V terminal 26ac. 


The solenoid B is active when the signal inputs are 
applied to + 9 V. The solenoid B is connected to the 
terminals 22a and 28a. 


The solenoid A is active when the signal inputs are 
applied to - 9 V. Solenoid A is connected to the 
terminals30a and 24a. 


The set signal value voltages R1 to R4 are selected via 
the relays K1 to K4. 


The selection voltage of the relays is available at 28c 
and can be applied via potential-free contacts to the 
relay inputs 8c, 4a, 6a, 6c. 


A voltage signal is generated at the input of the ramp 
generator (1) when the signal value potentiometers 
R1...R4 are selected. 


he ramp generato 1) generates from a stepped 
rising input signal a slowly rising output signal. The rise 
time (slope) of the output signal can be varied with the 
potentiometer R8 (ramp time). The specified ramp time 
of max. 5 sec. can only be reached over the entire 
voltage range from 0 V to +6 V, measured at the signal 
valuetest sockets. 


The signal value voltage +9 V at the input results in a 
voltage of +6 V at the signal value test sockets. The 
maximum ramp time is shortened if a lower signal value 
than +9 V is switched to the input of the ramp 
generator (1). 
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The output signal of the ramp generator (1) is fed to 
the summator (3) and the step function generator (2). 
The step function generator (2) generates at its output 
a step function which is added in the summator (3) to 
the output signal of the ramp generator (1). The step 
function is required to move through the neutral point 
overlap of the valve quickly. 


This step is effective as of low signal value voltages 
(less than 100 mV). The step function generator (2) 
generates a constant signal if the signal value voltage 
increases to a higher value. 


The output signal of the summator (3) acts on the two 
output stages with current regulator (4), pulse genera- 
tor (5) and power amplifier (6). The output stage for 
solenoid B is actuated in the case of a positive signal 
value voltage at the input of the amplifier. The output 
stage for solenoid A in the case of a negative signal 
value voltage. 


The following should also be noted: 

a) Differential signal input from Оло =10 V 
This input is required in order to achieve high impe- 
dance isolation between the valve amplifier card and an 
external electronic control system. 

b) Therelay K6 can be used for oscillatory movement. 
The voltage is switched over at output 2a from - 9 V to 
9 V viathe relay contact K6. 

When the output 2a is connected with one of the sig- 
nal value inputs, the direction can.be changed by selec- 
ting the corresponding relay and the relay K6 (contact 
Ac). 

c) The ramp generator is bypassed, i.e. ineffective, 
by selecting the relay d5. As a result, the minimum 
ramp time of approx. 50 ms is effective. 


Test Points on Proportional Amplifier: 
Caution 
Measured on DC voltage setting. 
1) Measure the supply voltage of + 24 V at the 
terminals 32ac referred to 26ac. 


2) Measure the stabilized voltage +9 V 





- 9 V at 26ac with respect to 20a 

3) Measure the relay selection voltage (smoothed 
supply voltage) at 28c with respect to 26ac 

4) Measure the signal value voltage of 

0 to +6 V at the signal value socket BU1 

Oto +6 V for solenoid A 

0 to - 6 V for solenoid B 

5) Measure the solenoid currents at the test socket 
BU3 

(solenoid current A) and at BU2 (solenoid current B) 


The voltage drop is measured over a resistance of 1 
Ohm, i.e. a voltage of 1 V corresponds to 1 A. 
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The proportional amplifier with 5 variable ramp times ser- 
ves as a supplement to the proportional amplifier des- 
cribed. 


Basically, itis similar to the amplifier with one adjustable 
ramp time and can also be used for the same applica- 
tions. 


An auxiliary pc board has been added to this amplifier 
card. This makes it possible to assign an independent- 
ly variable ramp time to each signal value selection. 


Signal value selection R1 is assigned to the ramp time 
t1 (adjustable at R11) 


Signal value selection R2 is assigned to the ramp time 
t2 (adjustable at R12) 


Signal value selection R3 is assigned to the ramp time 
t3 (adjustable at R13) 


Signal value selection R4 is assigned to the ramp time 
t4 (adjustable at H14) 


If all signal values have been selected, the ramp time t5 
is effective, adjustable at R10. 
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Control Examples 


The following terminal connections remain the same 
forall. controls of the amplifier. 
Connection of the solenoid A to 24a and 30a, of the 
solenoid B to 28a and 22a 
- Supply voltage of +24 V between 32ac (+) and 26ac 
(0 V) 


1.) How can a cylinder (or hydraulic motor) be started 
and accelerated smoothly, decelerated smoothly and 
stopped at a certain point with the aid of a proportional 
valve and a proportional amplifier? 

The movement sequence is indicated in the velocity/ 
time diagram (Fig. 23). 

The amplifier must be wired in accordance with the 
wiring diagram (Fig. 24). 


Circuit Description 


The start command for "extend cylinder" is given by 
the normally open contact (1). The relays K1 and K2 
energize so that only the signal from R2 via K2 is 
effective as a result of the contacts being connected in 
series. The rapid traverse rate must therefore be set at 
potentiometer R2. 


The cylinder accelerates corresponding to the ramp 
time set at R8 until it reaches the velocity set at R2. 


When the limit switch (2) is reached, the normally 
closed contact (2) disconnects the supply to K2 and 
the relay deenergizes. As a result, R1 is effective (K1 
remains switched on) and the cylinder decelerates to 
creep speed.The relay Ki then also deenergizes 


Velocity v 
forward 
(Solenoid B) 


Velocity у _ 
return 
(Solenoid A) 


Fig. 23 Velocity/time diagram 
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through limit switch(3) and the cylinder slows down to a 
stop. 


The return stroke of the cylinder is initiated by the 
normally open contact (4), the rapid traverse rate must 
be set at R4 and the creep speed at R3. The further 


sequence for cylinder return is analogeous to cylinder 
extension. | | | 
Particular attention should be paid to the sequence in 


which the relays are energised (bearing in mind the 
sequential arrangement of the internal contacts) to 
ensure smooth movements, and no "stop" points bet- 
ween switching sequences. If this is not done, intermit- 
tent movement of the driven unit will occur. 

The acceleration and deceleration values are the same 
in this example for all acceleration and deceleration 
procedures. 


This ramp time is set with potentiometer R8. 
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2.) The application is the same as that described in 
Example 1 but 


- the signal value is set via external potentiometers, i.e. 


the internal potentiometers R1 to R4 have a limiting 
function 


- the signal values are selected via a stored-program 
control 
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3.) In this case, the two solenoids A and B are ener- 
gized with an external potentiometer. The external po- 
tentiometer receives a stabilized voltage supply of +9 
V-at- both its ends. The external potentiometer. is tap- 
ped via the input 12a. The internal potentiometer R4 
has a limiting function for the external potentiometer. 







VT 3000-S-30 





Current regulator 





... +6Vf or solenoid A 


0 
0 


Signal aviue 


E 
© 
5 
5 
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Ехатр!е 
At 100 % signal input at 12a set by the external poten- 


tiometer, the value can be changed from 0 to 100 % by 
means of the internal potentiometer. R4- 


The set signal value is applied by selecting the relay 
K4, i.e. solenoid A or solenoid B is active. 
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= Pilot current sotenoid B 
= Pilot current solenoid A 
= Ramp time 


R1, R2, R3, R4 = Signal values 
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Fig. 26 Wiring diagram 
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Proportional Amplifier 
with Electrical Feedback 


Proportional Amplifier for 
Directly Operated Proportional 
Directional Valves with Feedback 


The function of the proportional amplifier is described 
based on the given block diagram. 

The supply voltage for the. proportional amplifier board 
5 generated from the consumer network of 
220V/380V via transformers with rectifier. 

The supply voltage is applied at the terminals 22ac (+) 
and 28ac (0 V). This supply voltage is smoothed on the 
amplifier board (9) and is used to produce a stabilized 
voltage of +9 V. 

The stabilized voltage of +9 V is used 

a) forthe supply of the external potentiometers or the 
internal potentiometers, available at 26a + 9 V and at 
24a - 9 V. 

b) forthe supply of the internal operational amplifiers. 
The amplifier board is equipped with 4 potentiometers 
for signal value setting R1 to R4 (13). 

In order to set a signal value voltage, the 4 signal in- 
puts, terminals 20c, 20a, 14a, 14c must be connected 


to the stabilized voltage + 9 V terminal 6a or - 9 V termi- 


nal 24a. 

The solenoid A is active if the signal inputs are con- 
nected to + 9 V supply. The solenoid A is connected 
to the terminals 2a and 32a. 

The solenoid B is active if the signal inputs are connec- 
ted to - 9 V supply. The solenoid B is connected to the 
terminals 2c and 32c. 

The set signal value voltages R1 ... R4 are selected via 
the-relays (12) Кі... КА. They-are-applied-to-terminals 
12c, 12a, 16a, 16c. 

The selection voltage for the relays can be tapped off 
at terminal 24c and routed via potential-free contacts to 
the relay inputs 12c, 12a, 16a, 16c. 

A stepped signal is generated at the input of the ramp 
generator (1) when the set value potentiometers R1 to 
H4 are selected. 

The ramp generator (1) generates a gradually increas- 
ing (or decreasing) output signal from a stepped input 
signal. The rise time (gradient) of the output signal can 
be adjusted with the potentiometer P5 (ramp time). 

The specified ramp time of max. 5 sec. can only be 
edb EU UVEI uic LUTMVIPIL VUILHUE тате тст U V IO 
+6 V, measured at the signal value test sockets). A 
signal value voltage of +9 V at the input produces a 
voltage of +6 V at the signal value test points. 

The ramp time is correspondingly shortened if a smaller 
signal value than +9 V is connected to the input of the 
ramp generator (1). 

The output signal of the ramp generator (1) is routed to 
the summator (3) and the step function generator (2). 
The step function generator (2) generates at its output 
a step function which is added in the summator (3) to 
the output signal of the ramp generator (1). The step 
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function is required to move through the zero overlap 
ofthe valve quickly. 

This step is effective in the case of low signal value 
voltages (less than 100 mV). The step function genera- 
tor (2) produces a constant signal if the signal value 
voltage increases to a higher value. 

The output signal of the summator is fed to the PID 
regulator (4) in the form of a signal value 

The oscillator (6) converts a DC signal into an AC vol- 
tage (frequency 2.5 kHz). This signal acts on the induc- 
tive positional transducer (11). 

The positional transducer (11) varies the AC voltage 
depending on the position of the valve spool. The AC 
signal is converted back to a DC signal by the de- 
modulator (7). 

The matching amplifier (8) amplifies the DC voltage to a 
maximum voltage of +6 V (max. spool stroke). The 
output signal of the matching amplifier (8) is fed to the 
PID regulator (4) as an actual value. 

The PID regulator (4) is specially adapted to the type of 
valve. It produces a signal dependent on the differen- 
ce between the signal value and actual value. This out- 
put signal controls the output stage (5) of the amplifier. 
The cable break detection facility (10) monitors the 
supply line to the positional transducer (11) and cuts 
the supply to both solenoids (A and B) in the case of 
fault. 


РВ АЈ 





Fig. 27 Proportional amplifier Type VT 5005 5 10 
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Additional Notes 


a) Differential signal input from 0 to +10 V at 6cand 6a. 
This input is used to achieve high impedance isolation 
between the valve amplifier card and the external 
electronic controls. 


b) The output 30a is changed over from - 9 V to+9V 

by selecting the relay k6. 

This results in a polarity reversal of the signal values 
when the potentiometers are connected to 30a. 


с) The ramp generator is bypassed, i.e. ineffective, by 
selecting the relay k5. As a result, the minimum ramp 
time of 50 ms is effective. 


Test Points on the Proportional Amplifier 


caution 
1) Measure the supply voltage + 24 V at the terminals 
22ac with respect to 28ac 


2) Measure the stabilized voltage of +9 V 
+ 9 V at 26a with respect to 26c 
-9V at 24a with respect to 26c 


3) Measure the relay selection voltage 
* UL at 24c with respect to 28ac 


4) Measure the signal value voltage of 0 to +6 V at the 
signal value test socket 


5) Measure the actual value voltage of 0 to +6 V at the 


actual value test socket 
The actual value corresponds to the spool stroke. 
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Chapter E 


Design Criteria for Open-Loop Control 
with Proportional Valves 





Roland Ewald 
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Design Criteria for Open Loop Control with Proportional Valves 


Preface 


It is necessary to clearly define certain terms relating to 
calculations--for- the--design- of- hydraulic- control- sys- 
tems. These include definitions such as force direc- 
tions, velocities, symbols etc. to facilitate calculation by 
means of computer programs and to improve under- 
standing. 


Definitions for cylinder and motor calculation are ex- 
plained in the following. 
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Cylinder Drives 
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Fig. 1 
Formula Symbols and Dimensions | 
Ок = Piston diameter [mm] v = Cylinder -velocity [m/s] 
da = Roddiameter 1, side А [mm] va = Ollvelocity in pipe, side A [m/s] 
dg = Roddiameter 2, side B [mm] vg = Oil velocity in pipe, side B [m/s] 
dą = Pipe diameter, side A [mm] m = Mass moved at cylinder [ка] 
do = Pipe diameter, side B [mm] a = Acceleration [m/s¢] 
h = Cylinder stroke [mm] Fo; = Static load (from the percentage of mass) [М] 
5 = Travel distance [mm] Fk = Static force (processing or pressing force) [N] 
hk = Piston position F, = Frictional force [N] 

at min. natural frequency [mm] Fa = Acceleration force [М] 
Ak = Piston area оп side А or B [ста] Fa = Totalforce [N] 
Ag = Annulusareaon side A or B [сте] pp = Pumppressure [daN/cm“] 
Ад = Annulusarea, side A [ста] Ap, = Pressure losses in pipe [daN/cm<] 
Ag = Annulusarea, side B [ome] ра = Acceleration pressure [daN/cm2] 
KA = Arearatio Ak/AA FA4/(10 * Aw) 
Kp = ArearatioAn/A | - Dynamic pressure | daN/cm2] 
Aw = Effective area [cm5] Ра + (Ра + FR)/(10 * Aw) 
VA = Cylinder volume at piston position with Ps = Static pressure [daN/cm2] 

minimum natural frequency for Fa/(10 • Aw) 

annulus area AA, side A [стт] Ap; = Pressure drop at гдамусте] 
Ма = _ Cylinder volume at piston position with control land PA or AOT 

minimum natural frequency Apo = Pressure drop at [daN/cme] 

for annulus area AB, side B [cm] control land РОВ or BOT ‘ 
|| = Pipe length, side A [mm] ру = Totalpressure drop at valve [daN/cme] 
lo = Pipe length, side B [mm] Ок = Oilflow for piston area Ақ [dmJ/min] 
Ма = Pipevolume, side A [стт] Оң = _ Oil flow for annulus area Ap [dm93/min] 
М 2 = Pipe volume, side B [cm] Од = Oilflow for annulus area Ад [dm3/min] 
Va = Totalvolume, side A [cm] Qg = Oil flow for annulus area Ag [dm3/min] 
Va = Totalvolume, side B [cm] 
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Fig. 2 
Ор = Olilflow at pump connection 
of proportional valve [dm3/min] 
Eoi = MOSES of elasticity ofthe oil [kg/cm • sec?] 
= 1.4*10 
C4  - Springconstant, side A [N/m] 
Co = Spring constant, side B [N/m] 
до = Undamped natural frequency 
of the system [1/5] 
Hz = Undamped natural frequency 
of the system in Hertz [Hz] 


fyalve = Critical frequency of the valve in Hertz [Hz] 
(Corner frequency at 90° phase lag) 


Oy = Critical frequency of the valve in (Rad/s) [1/5] 
(Corner frequency at 90° phase lag) 
V = Overall gain [1/s] 
Asy = Following error [mm] 
Asp = Positional error [mm] 
Sg = Acceleration stroke [mm] 
sy = Distance for constant velocity [mm] 
Ss = Creepspeed stroke [mm] 
vs = Creepspeed [mm/s] 
ів = Acceleration time [5] 
ty = Time for distance at constant velocity [5] 
ts = Time for creep speed stroke [5] 
ја = Омега гамете [5] 
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+ Fx 





Single rod cylinder, 
upright, 
double acting 














Single rod cylinder 
hanging 
double acting 
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Double rod cylinder 
always 


double acting 


Single rod cylinder 
hanging 
single acting 
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Explanation of Masses, Loads, Forces 


a) Mass m 


The entire mass moved must be used irrespective of 
the direction of movement for calculating the accel- 
erating force and the natural frequency. 


If there is a step-ratio between the mass moved and 
the drive, the equivalent (effective) mass must be de- 
termined. 


The mass changes with the square of a lever or gear 
ratio 





b) Static load Fst 


When lifting and lowering a mass, the mass must be 
lifted or lowered as a load. 


In the case of horizontal movement of a mass, the load 
iS Fst = 0. 


The change in load is linear with respect to a lever ог 
gear ratio. 


c) Static force Fx 


The drive must produce a static force Fx to generate a 
pressing force, forming force or cutting force. 
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Motor Drives - Linear and Rotational Output 


Fig. 4 Motor drives - linear and rotational output 


Formula Symbols and Dimensions 


q = Capacity 
ер = Pipe diameter, side А 
do = Pipe diameter, side B 
ly = Pipe length, side A 
lo = Pipe length, side B 
Vii = Pipe volume, side A 
Vio = Pipe volume, side B 
V4 = Overall volume, side A 
= Velocity of load 
А = Oil velocity in pipe, side A 
VB = Oil velocity in pipe, side B 
£ = Angular acceleration 
n = Speed of output shaft 
пм = Speed of input shaft 
m = Mass moved 
Fst = Static load 
Fk = Static force 
FR = Frictional force 
J = Momentof inertia at output 
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[стЗ/0] 
[mm] 
[mm] 
[mm] 
[mm] 
[сп] 
[cm5] 
[om] 


[m/s] 
[m/s] 


c 
20 
N 


T 
"пп ни пи у 


[> 
ке 
N 

|| 


i= nw/N 


nm 


* Ired, M stred, 


Mkred, M cred 


Moment of inertia 

of motor and gear box 
Overall moment of inertia 
at output (J + Jy * 2) 
Reduced moment of inertia 
at output (Јело) 

otatic torque, at output 
Useful torque at output 
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Pump pressure 

Pressure losses in pipe 
Acceleration pressure 
Static pressure 

Pressure drop at 

control land РОА or AST 
Pressure drop at 

control land P>B or BST 
Total pressure drop at valve 
Oil flow at pump connection 
of proportional valve 





самота 
[daN/cme 5 
[daN/cm2 ] 
[daN/cm?] 


[daN/cm?] 


[daN/cm?] 
[daN/cm2 ] 


[L/min] 
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P jm 
Fig. 5 Motor drive - rotational output 
Eoi = Modulus of elasticity of oil 5 = Travel distance [mm] 
= 1.4.10’ [kg/cm • sec?] Sp = Acceleration distance [mm] 

C4 = Spring constant, side A [N/m] Sy = Distance for constant velocity [mm] 

Co = Spring constant, side B [N/m] Sg = Creep speed stroke [mm] 

Wo = Undamped natural frequency о Travel angie at output [9] 
of system [1/s] ов = Acceleration angle at output [9] 

hz = Undamped natural frequency ay = Travelangleforn=constantatoutput [9] 
of system in Hertz | [Hz] Va = Creep speed (linear) [mm/s] 

Маје = Critical frequency of valve in Hertz [Hz] [s = Rotational creep speed atoutput [1/5] 
(corner frequency at 90? phase lag) tg - Acceleration time [s] 

QV = Critical frequency ty = Time for travel at constant velocity [5] 
of valve in (Rad/s) [1/s] te = Time for creep speed stroke [s] 
(corner frequency-at 90? phase lag) tG = Overall travel time [s] 

V = Overall gain [1/s] 

As,  - Following error (linear) [mm] 

AB, = Following error at drive motor [mm] 

Aa, = Following error at output shaft [mm] 

АХр = Positional error (linear) [mm] 

Рм = Positional error at drive motor [9] 

Py = Positional error at output shaft [9] 
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Corresponding to the main application of proportional 
directional valves, i.e. acceleration, traverse and dece- 
leration of hydraulically moved masses, the required 
ассе!егапоп ог deceleration: must be determined when 
designing the open loop control. 


However, any arbitrary selection cannot be made. 


The possible value for acceleration or deceleration de- 
pends on various factors: 


1) Deceleration and acceleration time for con- 
stant acceleration 


Fig. 6 shows the physical relationship between accele- 
ration time acceleration and the velocity to be reached. 


| ів [sec] 





12 3 4 6 


Acceleration time 





v = Velocity [m/s] 
= Acceleration [m/sec?] 
tg = Acceleration те [s] 


The feasible acceleration time for a certain final velocity 
is clearly shown by the resulting curves. 

The acceleration should not be selected too high (lo- 
wer limit; see Fig. 6 yellow line) since the time gain 
would only be extremely slight. 


An acceleration which is too low (left limit; see Fig. 6 
green line) results in an extremely long acceleration 
time. 


The diagram clearly shows that the ramp time adjus- 
table between 0.1 s and 5 s is more than sufficient for 
most applications. 


Acceleration and 
deceleration time 
for constant acceleration 


8 10 12 14 16 


—— —» a [т/ѕес2] 


Fig. 6 Acceleration and deceleration time for constant acceleration 
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2) Acceleration and deceleration distance 
for constant acceleration 


Fig. 7 clearly shows the physical relationship between 
acceleration-or-deceleration distance, acceleration. and 
velocity. 


Acceleration or deceleration distance 





In order to decelerate a mass from one speed to an- 
other, a specific distance is required. This is often cho- 
sen by "feel", and is quite often simply too short. 





440 
420 
400 
380 
360 
340 
320 
300 
280 
260 
240 
220 
200 
180 
160 
140 
120 
100 


12 34 6 


Fig. 7 Acceleration and deceleration distance for constant acceleration. 


acceleration or deceleration. 


In this case, it should be noted that the acceleration or 
deceleration distance changes as the square of the 
velocity (see Fig. 7 red dotted lines). 


LOUDIE ai среес 





Also referred to distance, it can be clearly seen that an 


increase in acceleration to excessively high values is 
not practical (see Fig. 7 yellow area). 


In addition, the energy to be installed must also be ta- 
ken into consideration when selecting the accelera- 
tion: 


Acceleration force 


Acceleration pressure 






Acceleration and 
deceleration distance. 
for constant acceleration 





8 10 12 14 16 
=> 


a [m/sec?] 
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3) Natural Frequency 


A further important point for consideration with regard 
to the selection of the acceleration is the natural fre- 
quency. It is a measure for the stability, the stiffness of 
a system. 


If, without taking into consideration the natural frequen- 
Cy, the acceleration is selected too high, or if the natu- 
ral frequency is too low, then the system will oscillate. 


For the driven unit, cylinder or a motor, this means irre- 
gular movements. 


similar to a mechanical spring/mass system, the natural 
frequency of a hydraulically driven unit can be calculat- 
ed from the spring constant C and mass M moved with 
the formula 


C = Spring constant [Nm] 
m =Mass [kg] 


Correspondingly, the natural frequency can be 
calculated for rotary movement with the formula 


С = Spring constant IN/rad] 
J = Moment of inertia [кате] 
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Fig. 8 Comparison mechanical/hydraulic spring 
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System stiffness: 


Comparison mechanical/hydraulic spring for cylinder 


The spring constant for the rotary movement is calculat- 
ed analogeously 


It can be seen from the diagram and the formula for 
calculating the spring constant that the piston area A 
must be as large as possible and the length of the oil 


column h as small as possible to achieve a high spring 
constant C. 








These are the theoretical relationships. In practical 
applications, however, the working distances and 
therefore the necessary cylinder stroke are defined by 
the physically requirements of the machine. The effec- 
tive piston area Aw can, however, be varied relatively 
easily. 

The pipes between the cylinder and flow "control unit" 
should be arranged as short as possible. 


The length of pipe between the pump and valve is of 
no significance provided the pressure cannot collapse 
when the supply of oil is suddenly interrupted. 


—and.at 
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Pressure Ratios at the Throttle Edges 
of the Valve During the Acceleration 
and Deceleration Phases, - 





-Constant Мејосну_________________- 


Various forces are necessary а the cylinder ог hydrau- 
lic motor for the individual movement phases. 


At constant pump pressure, the pressure drop at the 
control lands of a proportional маме will thereforediffer 
correspondingly. 





This is illustrated based on the following example. 





Given: 

m =700 [kg] 

F =7000 [М] 

Fo, =Fesin30°= 7000 • 0.5 = 3500 [М] 

у =20 [m/s] 

Sp =250 [mm] 

Fe = [N] 
(Frictional force (Ең) is not included in this calculation.) 
Acceleration 

а  s-ve/(2*sp*10) [m/s2] 

а  -22/(2-250-109)-8 [m/s2] 
Acceleration time 

tg =VWa=2/8=0.25 [5] 

Note: - 
The acceleration in a throttle control is an average Fig. 10 
acceleration. 


For necessary durin -Stroke: 


Fo; = 3500 [N] 
Fa =mea=/00°8=5600 [М] 
Acceleration 

Ра = Ра, + FA = 3500 + 5600 = 9100 [М] 
Constant velocity 

Ра = Ее = 3500 [N] 


Deceleration 
Fo = Е - Fa = 3500 - 5600 = -2100 [N] 


Forces necessary during down-stroke: 





Acceleration 

Fa =-Fo; + Ед = -3500 + 5600 = 2100 [N] Fig. 11 
‘Constant velocity | | MEM Е | 
FG = For = -3500 IN] 

Deceleration 

Fa =-Ёвү- FA = -3500 - 5600 = -9100 [М] 
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Cylinder Dimensions, 
Oil Flow and System Pressure 


DK =-50 [mm] 
dp = 36 [mm] 
Ак = 19.64 [ста] 
Аң = 9.45 [ст] 
h = 700 [mm] 
Omax AK = 235.6 [dmS/min] 

max AR = 113-4 [dm9/min] 


pp ^— = 100 [daN/cm?] 


The pump pressure of pp= 100 ( [daN/cm2] was decid- 
ed upon for this applicaton (accumulator system). 





Fig. 12 Up stroke 


Which pressures are produced during the in- 
dividual movement phases? 


a) Up stroke 

for ру = Pa 

Ес/10 = Ак • (рр - 4р1) - Ад • Ap2 
Бело = Ак •рр - Ак • Ар1 - Ад • Apt 
Apl =(Ак-рр- Ра ЛОМАк+Аћд) 


Acceleration 

Api  =(19.64 • 100 - 9100/10)/(19.64 + 9.45) 
~ 36 [daN/cm¢] 

ру = 2° Ap1 = 72 [daN/cme] 

Constant velocity (see Figs. 14, 15 and red line) 

Api  =(19.64 • 100 -3500/10)/(19.64 + 9.45) 
= 55 [daN/cm?2] 


py = 2 • др1 = 110 [daN/cm?] 
Deceleration (see Figs. 14, 15 and red dotted line) 
Ap1 = (19.64 • 100 + 2100/10)/(19.64 + 9.45) 

= 75 [daN/cm?] 


Dy =2*Ap1=150 [daN/cm2] 
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Fig. 13 Down stroke 


b) Down stroke 

for Ар1 = Ap2 — 

Fa/10 -Apg*(pp-Ap2)- Ак • Apt 

Ра /10 =Ад•рР-Ад•лр1- Ај Apt 
pl =(Ap-pP-Fa/10)V(Ak + Ар) 


==. SEE 


Acceleration 

Ap1 = (9.45 • 100 -2100/10)/(19.64 + 9.45) 
= 25 [daN/cme] 

Constant velocity 

Ap1 = (9.45 • 100 + 3100/10)/(19.64 + 9.45) 
= 43 (дам/сте] 


pV =2• дрі = 86 [daN/cm2] 

Deceleration 

Apt = (9.45 • 100 +9100/10)/(19.64 + 9.45) 
= 64 [daN/cm?] 

pV =2* Apt = 128 [daN/cm?] 


During commissioning of the open loop control, the 
proportional directional valve 


Type 4WRZ16E1-100... 


(Q = 100 dm3/min at Ap = 10 daN/cm? with control 
land ratio 2:1) 





has proved to be the most suitable. 


Recalculation of the pressure drops at the control 
lands of the proportional valve and the corresponding 
percentage openings also confirm this statement. 
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For the upwards travel (see Figs. 14 and 15 red line), 
the pressure drops at the con-trol lands and the asso- 
ciated percentage of control cur-rent can also be illus- 
trated: 






Flow in EMI 


ETUR 
nn 











ы 






LP /" 






25 30 40 50 60 70 80 90 100 
Rated current in % 
pv= 10 daN/cm “const. @pv= 100 daN/cn? const. 












Fig. 14 Flow/current curve for 100 dm3tmin nominal 
flow at 10 daN/cm valve pressure drop 


The comparison with the ш. valve 

Type 4WRZ16E1 - 150.. 

(Q = 150 dm3/min at р = = 10 daN/cmé with control land 
ration 2:1) shows that the spool is too large, therefore 
producing poor flow resolution. 


Flow in dm?/min 









2530 40 50 60 80 100 
Rated current in % 
pv= 10 daN/cm const. Ө pv- 100 deN/cm? const. 








Also the reduction of the pump pressure in the inter- 
rest of higher hydraulic efficiency is not recommended 
for this control. 

The minimum required pressure can ђе" calculated 
from the maximum total force during acceleration and 
the minimum total pressure drop (210 daN/cm?) at the 
control lands of the throttle element. 


Calculation 
of the necessary pump pressure during: 


Up stroke 

for Api = Арг = 5 даћ/сте— 

Fa/10 =Ак*(рр- 4р1) - Ад • Ap2 

Ра ЛО = Ак •рр- Ајк • Apl - Ад • Apt 

Pp _ = [Ра +Ар1 •(Ак+ Абу Ак 
- [9100/10 + 5 • (19.64 + 9.45)19.64 
= 54 daN/cm? 


Down stroke 

forAp1 =Ap2=5 даМ/стё— 

Ба — -An*(pp- 4р2) -Ap * дрі 

Ре = Ад ° pp -Ap • Apt - Ај • Apt 

Pp = = [Ра + Apt •(Ак + АбЈУ Ад 
= [2100/10 + 5 • (19.64 + 9.45)]/9.45 
= 38 daN/cm? 


Selected pump pressure: pp = 55 daN/cm® 


Up stroke 





Fig. 16 Up stroke 


Fig. 15 Flow/current curve for 150 dm3/min nominal 
flow at 10 daN/cm valve pressure drop 


E 13 


Design Criteria for Open Loop Control with Proportional Valves 


The following values are obtained during the up stroke 


Acceleration 

Apt  2(19:64*55-9100/10)/(19:64 + 9:45) 
= 6 daN/cm® 

py =2• Арі = 12 daN/cm? 

Constant velocity 

Арі = (19.64 • 55 - 3500/10)/(19.64 + 9.45) 
~ 25 даћ/сте 

py =2• Арі = 50 daN/cm? 

Deceleration 

Арі = (19.64. 55 + 2100/10)/(19.64 + 9.45) 
~ 45 daN/cm® 


py =2•4р1=90 daN/cm? 


_ Rated current in 
булы 10 daten 2 coat. TIE у 


eee 





Fig. 17 Flow/current curve for 150 атЗ/тіп nominal 
flow at 10 daN/cm valve pressure drop 


During the transition from constant velocity to decele- 
ration of the system, a greater percentage change in 
the spool stroke is necessary at this pump pressure 
than at pp = 100 daN/cme. 


This proportional change in the spool stroke at the pro- 
portional valve requires a correspondingly longer posi- 
tioning time. The increase in deceleration is only slight 
during this phase. 
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Calculation of the pressure drop at 
the throttle edges of 4-way proportio- 
nal valves, taking into consideration 
the-cylinder-area-ratio-and-the control 
land opening ratio at the valve. 


Proportional directional valves are available as standard 
with a control land ratio F = 1:1 and F 2 2:1. 

When calculating the pressure drop at the control 
lands, F must be considered corresponding to the 
cylinder area ratios. 

The relationship 

АДРАВОХ = F 

АВРАДОХ = 1/F 

is used in the following calculations depending on 
whether the area A, is greater than Ag or vice versa. 


Tal 7 


sg 


The followg. applies for "extend cylinder" (drive side A) 


Fig. 18 


Flow P>A 
QA = @*Асд*, Арі 
Asa = Clear throttle opening at the control land of 
the proportional valve from P—A 
ASA = Qa/(a*vApt) 


Control land ratio at proportional valve 


Асд/Асв = X 
Asp = Clear throttle opening at the control land of 
the proportional маме BT 
—Asp = Асд/Х 
For Asa is used Одо" YAp1) 
Asp  - Qad(asvAp | e X) 
Flow BoT 
Qp = o*Asps vAp2 
—NAp2 = Qyg/(a*Asp) 






for Asg is used Ода. • NAp1 • X) 
—NAp2 = QpearvApl • X/(a*Qa) 


The relationship of the flow with respect to the cylinder 
areas is as follows | 


Qp/Qa = Ав/Ад 


used in Ap2 
—Ap2 = АБ2/Ад2• Api • X2 


Equilibrium of forces during cylinder extension 
Рало = Aa*[(pp- Apv)- Ар1] - Ap • Арг 
for Ap2 is used Авај Аде • Арі • х2 
Fa/10 = Ay (рр: vu Ад -Ap1- 

- Ag • Apt • X£* АБУ /Ад 
The equation multiplied by Anz 


Ад©* Ес/10 Ад# • (pp - A V) - Aa? Ар! - 
-Ap1* Хе * AB 





For retract cylinder (drive side B) 


-Ес/10=  Apg*[(pp- дру) - Ар2]- Ад * Ар ; 
-Fa/10=  Ag*[(pp- дру) - Ав“/Ад©* Apt * X^]- 
- Aa * Api 


The equation multiplied by AA? 


- Ag? • Fa/10 = An? * Ap * (pp - Apy)- 
- ABS • Хе • др1- Ад? • Apt 








The total pressure drop at valve and the corresponding 
flow can determined for cylinder extend and retract 
from the pressure drop at the individual control lands. 


The-—smallest—Ap—must—always—be—selected—for—the 
greatest 
flow. 


Example: 


Total valve -Ap = py = 2 • Ар1 forQ =... [dm3/min]. 
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Accuracy of Deceleration Distance for 
Time-Dependent Deceleration 


The trend is moving towards higher and higher travel 
speeds in order to reduce idle times. However, this is 
only effective when the deceleration distance remains 
constant during all operating conditions. 


If the deceleration distance varies, a longer creep 
distance must be included in the design. 


This costs time. 









a2 = 3,75 [m/s?] 





ai = 4,5 [m/s?] 










0,2 0,24 te [ms] 
(81 182 


Fig. 19 Deceleration distance with respect to changed 
deceleration time 


Which factors can change the deceleration 
distance? 


a) Change in the deceleration time (ramp) 

In this case, proportional hydraulics with its electronic 
ramp offers a distinct advantage compared to a hydrau- 
lic switching time. A well formed electronic ramp is not 
subject to any marked changes as the result of the in- 
fluences of temperature. 

In order to fully utilize this advantage, care must be ta- 
ken to ensure that the ramp time is not selected too 
short, i.e. sufficient distance is maintained for the natu- 
ral hydraulic operating time of the proportional device. 








Luc МЫЛ E 


Min. ramp time >2 x natural hydraulic operating time 
The natural hydraulic operating time is specified in the 
data sheets for the proportional devices (stepped res- 
ponse). 

The effect of the change in ramp time can be seen 
from the diagram Fig. 19. 

The calculation shows that, at a deceleration of v = 1 
m/s, the creep stroke sg has changed by 22 mm with 
respect to a creep speed of vs = 0.1 m/s. The time 
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necessary for this rate of deceleration is ts = 220 ms. 


581 = (V+Vg )/2 + tay 

= (1+0.1/2•0.2 =0.11 [m] = 110 [mm] 
582  -(V*Vs)2*tpo 

= (1 +0.1)/2* 0.24 = 0.132 [m] = 132 [mm] 
Ав =22[mm] 
ts for sg = 22 [mm] at vg = 0.1 [m/s] 
ts = 55 g = (22 • 1073)/0.1 = 0.22 [s]= 220 [ms] 


b) Varying lost times in the electrical signal 

Processing of the electrical signals from the limit switch 
to the signal input on the electronic card should be 
short and must not be subject to changes in time. 













At 1 (m/s), a change in the idle time of 10 (ms) results in 
the stroke changing by 10 (mm). A time tg = 100 (ms) is 
therefore required for a creep speed of 0.1 (m/s). 

tr1 = 20 [ms] 

{12 = 10 [ms] 


Мт = 10 [ms] 


асас 


- 1 [m/s] 


E2 


vS= 0,1 [m/s] 


t 


Fig. 20 Deceleration path with respect to a change in 
the idle time. 








Distance in 10 [ms] at v = 1 [m/s] = 10 [mm] 
fine tor tein [VG = 0. 






= 


c) Change in the velocity v as the result of varying Ap 
atthe control lands ofthe proportional valve 

Viscosity effects the flow and therefore the velocity at 
the driven unit. 

The control lands of the proportional devices are de- 
signed as sharp edged orifices in order to achieve a 
low viscosity effect. 
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Ap Line to 
driven unit 


| 


TM Bn 
a [ХР 


«QA b 
P T | Ap Pump and 


tank line 


pP = 100 [daN/cm?] 


) 


Fig. 21 Pressure drop in a hydraulic system 


Measurements in hydraulic systems show that in the Ap Line to driven unit = 4 [daN/cm?2] at 50 °C 
case of a change in temperature, the changes in Ap in 

the pipes, screw fittings, control manifolds are conside- Ap Line to driven unit =6 [daN/cm?2] at 20 9C 
rably greater as a percentage than the changes in Ap 

at the flow control unit itself. Ap Pump line ES [daN/cm?| at 50 °C 
These changes in Ap naturally result in a change in Ap Pump line = 8 [daN/cm?] at 20 9C 
flow. 


Change in Ap at 
he-effect-on-the-deceleration-distance-is-explained-by proportional valve =5 [daN/cm?2] 
means of an example. 
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Variations in velocity with changes in 
viscosity in the pipelines of a system 


The total pressure drop of 55 daN/cm2 measured at 
the valve is obtained at an oil temperature of 50 °C as a 
result of the installed pump pressure pp - 100 
(daN/cmé ) and the torque obtained at the motor. The 
maximum measured velocity is v = 1.3 (m/s). 


At low oil temperature, the total pressure drop at the 
valve is only Ap = 50 (даМ/сте ). 


The travel speed at 20 °C is obtained from 


2090— у =veVApt/Ap2 
= 1.3 • 50/55 = 1.24 [m/s] 


Ap1 = Pressure drop at valve at 20 °C 
Ap2 - Pressure drop at valve at 50 9C 


The acceleration and deceleration distances are at 


5090 — sg => (2 а) •103 


= 1.89/(2 • 2) • 103 = 422.5 [mm] 
20°C > sg -v2/(2*a) «108 

= 1.242/(2 • 2) - 103 - 422.5 [mm] 
Change in deceleration distance = 38.5 [mm] 


At Ap = 50 (daN/cm?), the pressure drop at the 
proportional valve is relatively high. 


For energy reasons, it seems appropriate to reduce 
the system pressure. 


However, with regard to the change in the deceleration 
distance this is not advisable as shown in the following 
calculation. 


Under the assumption that the minimum total pressure 
drop at valve up to 20 9C Ap - 10 (daN/cm?) and corres- 
ponding to the pipe losses at 50 °C Ap = 15 (daN/cm? ) 
the following is derived 


5090 у = 18 [m/s] 
20902 у zv*NAp1/Ap2 
= 1.3 * 410/15 = 1.06 [m/s] 


Ap1 = Pressure drop at valve at 20 9C 
Ap2 = Pressure drop at valve at 50 °C 


The acceleration and deceleration distances are at 


5090 > sg -v2/(2*a) 102 

= 1,32/(2 • 2) • 103 = 422.5 [mm] 
20°C > sg => (2 а) +109 

= 1.062/(2 • 2) • 103 = 281.6 [mm] 
Change in deceleration distance = 150 [mm] 
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This change in the deceleration does not occur in a 
load compensated control with pressure compensator 
since the pressure drop at the throttling point is main- 
tained constant. 


The pressure drop at the valve in a throttle control must 
be selected higher to ensure the spread of the decele- 
ration distance is kept small. 


It should be noted that this additional Ap is low at low 
acceleration, while the amount must be assumed as 
being higher for high acceleration. 


This energy loss as the result of throttling and which at 
first glance appears to be high only occurs briefly due 
to the high velocity of the driven unit. 


The pressure compensator cannot be used for dyna- 
mic reasons in the case of high travel speeds (refe- 
rence value » 1 m/s) and fast acceleration sequences. 


The throttle control, however, results in excessively 
large changes in the deceleration distance. 


The use of an electronic control with distance-depen- 
dent deceleration provides a considerably better result 
atthis high rate of deceleration with regard to the con- 
sistency of the deceleration distance and therefore the 
consistency of the travel time (Fig. 22). 


The proportional valve is closed dependent on the dis- 
tance travelled by the driven unit. The travel distance 
may be measured by analogue or digital methods. 


[LLLA Wege eum Rose i La EE Аана d direi n Ro 
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Fig. 22 
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Calculation of Cylinder and Motor 
Dimensions for Control System with 
4-Way Proportional Valves 


A single set pump pressure is assumed for the calcula- 
tion 
a) Linear movement through cylinder drive 


The following data are required 


Mass moved per cylinder m [kg] 
Static load per cylinder Foy [М] 
Static force per cylinder ЕК [М] 
Frictional force per cylinder Fr [N] 
Cylinder velocity у [m/s] 
Required acceleration time tg [s] 
Pump pressure pp [daN/cm2] 
Ap losses in pipe ADy [daN/cmé] 


b) Rotary movement through hydraulic motor drive 


The following data are required 


Moment of inertia at output J [кота] 
Static load torque at output Мв [Nm] 
Static torque 

to produce force at output Мк [Nm] 
Frictional torque at output Mc [Nm] 
Moment of inertia of motor 

and gear mechanism JM [ката] 
Transmission ratio | 

Motor speed/output speed = пп 

Speed at motor nM [rpm] 
Speed at output n [rpm] 
Required acceleration time ig [s] 
Pump pressure Pp [daN/cm2] 
Ap losses in pipe ADy [daN/cm2] 


RUN N YV pn 


Bldg Ма 2 В. | Cha nfit a, 


Determining the Effective Cylinder Area (or 
Capacity of Hydraulic Motor) Required for 
Throttle Control (without Load Compensa- 
tion) 
Experience has shown that a cylinder or hydraulic 
motor is well dimensioned when the available pressure 


[рр ~ Apy] 
is distributed іп 


1/3 for load 
1/3 for acceleration 
1/3 for velocity. 


This means, that taking the load as 1/3 of the total pres- 
sure, only 1/2 of [(pp - Apy) -Psıl is used for the dece- 
leration of the mass, or of the inertia of the rotating 
parts. If this is not so, the spool movement of the pro- 
portional valve must be too great when changing from 
a constant speed to the deceleration phase. The pres- 
sure required by the load seldom ammounts to 1/3 of 
the total. For this reason, it is always good practice to 
subtract the actual load pressure from the av. `` 

pressure and to determine the dimensions of the cylin- 
der or motor in accordance with the above specified 
formula. 

In the case of the cylinder drive, the effective area for 
acceleration or deceleration is calculated as follows: 

1/10 Ħa. • m = Ap ° Aw Aw = effective area [em2 

Ар =1/2¢[(pp- Apy) -Psıl a= Acceleration [m/s2 

ps = (Ра; + FRy(Aw*10) Ap=Eff. pressure [daN/cm2] 
a = V/tg 


—V/tg * m/10- 
= 1/2*[(pp - Apv) - (Fst + FRY(Aw * 10)] * Aw 





The working or pressing force Fx is not effective 
during the acceleration or deceleration phase. 


Note: 

If a percentage force is to be effective during the 
acceleration phase, then it must be added to the static 
force Fx. 


The effective area for constant travel speed and max. 
force Fy is 





"10"— | Minimum pressure drop at proportional valve 
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The largest effective area obtained from the two calcu- 
lations defines the cylinder dimensions. 


If the effective area. and. the acceleration. time. are 
known, the required. pump pressure сап be. correspon- 
dingly calculated. 


For acceleration 





At constant velocity and max. force 





"10" Minimum pressure drop at proportional valve 


If the effective area and the pump pressure are known, 
the acceleration time can be calculated as follows 





The capacity for a hydraulic motor drive in throttle con- 
trol for acceleration and deceleration is calculated as 
follows 


Jg/i* * € = (Va * Ap)/(20 • т) 
Ap = 1/2*[(pP-Apv) - pg] 
€ = tp 





ps = (Ме+Мс)•20•лу • Va) 
Јоле « t « n + i/(30 • tg) = 
= V@/(20° 7) • 1/2 {(pp - Apy) - 
- (Мо + Мс) * 20 * n]/(i • Va)} 





Ap = Required pressure difference 
or acceleration 


Total moment of inertia at output 









= Пап m2 





Ја = [kgm?] 
i =  Motor-n/output-n 

VG = Motor capacity [cm] 
0 = Angular velocity [rad/s] 
E€ = Angular acceleration [rad/s“] 
Note: 


If a useful torque Mk is effective during the acceleration 
phase then this must be added to the load 
torque Ms. 
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For constant speed and maximum useful torque Мк 





"10" Minimum pressure drop at proportional valve 


The maximum capacity determines the selection of the 
hydraulic motor. 


If the capacity and the acceleration time are known, the 
required pump pressure can be correspondingly 
calculated. 


For acceleration 





For constant speed and max. torque Mk 





"10" . Minimum pressure drop at proportional valve 


If the volume and the pump pressure are known, the 
acceleration time can be calculated 
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Determining the effective cylinder area re- In the case of a hydraulic motor drive, the 
quired for load compensated controls capacity is calculated for load compensated 
control of acceleration and deceleration 









——————————————— === жашашы а= == ыз... 


plete pressure (pp - Apy) is available less ; Ap ofthe 7 
pressure compensator (8 daN/cm2 ) and less the 
pressure drop at the throttle edge - consumer to tank 

(8 daN/cm?). 


— те case of a load compensated control; the-com-- 


The effective area can be calculated for acceleration or 
deceleration 


For constant velocity and maximum "work" torque Мк 





For constant velocity and maximum force Fx "16" 5 Minimum pressure drop at proportional valve 
+ at pressure compensator 


If the capacity and the acceleration time are known, the 
pump pressure required for acceleration can be calcu- 
lated 





"16" . Minimum pressure drop at proportional valve 
+ at pressure compensator 


The maximum effective area Ay, determines the 
cylinder dimensions. 

lf the effective area and the acceleration time are 
known, the required pump pressure can be 
correspondingly calculated, 






for acceleration 


"16" | Minimum pressure drop at proportional valve 





If the effective area and the pump pressure are known, 
the acceleration time can be correspondingly calcu- 
lated 


for constant velocity and max. force Fk 





"16" . Minimum pressure drop at proportional valve 
+ at pressure compensator 


If the effective area and the pump pressure are known, 
the acceleration time can be calculated 
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Calculation and Effect of the Natural 
Frequency of Hydraulic Systems 


As already stated, the natural frequency is a measure 
for the stability of the drive and the minimum possible 
acceleration time. 


Various parameters such as mechanical friction and oil 
viscosity must be known to calculate the precise 
natural frequency of a system. 


These parameters are often not known in the planning 
phase. In practical applications, however, it is sufficient 
to calculate the undamped natural frequency and to 
derive "reference values" from the results. 


The comparison with the natural frequency of a mecha- 
nical spring/mass system is used to facilitate under- 
standing with regard to calculation of the undamped 
natural frequency of a hydraulic system. 
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Natural Frequency for 
Double Rod Cylinder without Damping 







Aw = Effective piston area Ores 12 

h = Cylinder stroke — 

№} = V4= Pipe volume h/2 ы 

Vio = Vo= Pipe volume С деѕ.тіп 
МА = Vp= Cylinder volume 

V3,V4 = Oilvolume between control маме 


and cylinder (V4 + Va) 
Eo; = Modulus of elasticity of oil == |= m 
пин ш [____- 


Aw HE 2 
Overall Spring Constant ЈЕ Alle = 


Coverall = C1 +© sen Mz. 


= 2* [Aw • Eoi (V4 +1/2/10) * Aw] 
=2• [Ay • Egi/(V4 + VA)] P T 





















=2 • (Awe * Еди Уз) 
F F 
| -S +S | 

Substituting the above 
in a spring/mass system 
F = Spring force Ci | | C2 
T = Oscillation period for 0 

1 complete oscillation cycle | 
5 = Spring таме! 


Oscillation of the above | | 
spring/mass system T II 
without damping | 


Circuit frequency of 3/2 TI 
spring/mass system | 
оо = VCges/m’ [1/8] | 2 Il 






Natural frequency 
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Determining Natural Frequency for a Hydraulic Cylinder 
e ee oe а — ће 
da | Va n Dk me dpe cx "ja à; | nm dd Dem оз 


VL1 B VL2 VL1 | B VL2 


ПЕ ИГ, Гн 


——— — r 


Ci+C2max С1 + C2na 


C1- Canin 
С1+ Canin. 





Fig. 24 Double rod cylinder Fig. 25 Single rod cylinder 


C4 = Аде * Egi/[(Aa * h/2/10) + V 4] [Nm] С; = Ако" Eoi/(Ak • ћкЛо + М 4) [Nm] 
Сә = Age Eoi [Ap * 72/10) + V, 2] INm] Ср = Ано Egi[Ag* (h - hg)0-e Vr 2] [Nm] 
wo = Y(C4 + Соут [1/5] The piston position ћу at which the total spring load is 


| | | | | at a minimum сап be calculated as follows 
The natural frequency is minimum in the mid position of 


the cylinder when the annulus area Ад = Ав and (Cy + Co)max = AK? * Eoi/VL1 + Ag? Eoi 

Му = М2. КМ] 2 + Ар * h/10) forh=0 
Mass m [kg] (C4 + Со) пах = Ak? * Eoi/(VL1 + Ac * 1/10) + 

Cylinder stroke h [mm] S “ES, = 
Cylinder stroke PAR EoilVi2 Di! 
at min. natural frequency hk [mm 


PICO ares Ак Гета] If the equation for (С1+С2) is differentiated, (C4+Co)min 


Annulus area A Ime and the corresponding cylinder stroke hy can be calcu- 
ipe volume on piston side М 4 [omy] . 


Pipe volume on annulus side Vio [cm] 
Modulus of elasticity = 1.4«10 Ej [kg/cme *sec?] 
Spring constant on piston side C4 [N/m] 
Spring constant on annulus side Co [N/m] 
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Determining the natural frequency for a 
hydraulic cylinder with regenerative control 
circuit 





ПЕЧЕНЕГ, 
а 





Fig. 26 


C4 -Ak* * Egi/(Ak * h/10 + V| 4) [N/m] 
-NC4/m [1/s] 


In the case of a regenerative control circuit, there is no 
spring constant Co on the annulus side Ag during 
cylinder extension. 


Reason 
The annulus side is under constant pressure pp. Outer 
forces which act on the cylinder do not result in a 
pressure increase on this side of the cylinder - no 
increase in counterforce in this annulus chamber of the 
cylinder. 


The lowest spring constant C4 and therefore the 
lowest natural frequency is obtained at piston stroke h. 





Determining the natural frequency for a 
hydraulic cylinder with load compensated 
control 








ХР x НЕ M С n 





Fig. 27 
Co = Аде * Eoj/(Ap * h/10 +VLo) [N/m] 
Wo = VCo/m [1/s] 


Also in the case of load compensated controls, the 
spring constant can be expected only on one side of 
the cylinder. 


The side which is not load compensated is under con- 
stant backpressure of the throttle edge for the outgo- 
ing oil (for meter-in pressure compensator). 


Outer forces do not result in an increase in pressure 
and therefore and increase in force on this side. 


The lowest spring constant and therefore the lowest 


natural frequency are obtained when the cylinder is re- 
tracted. 
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Determining natural frequency 
for hydraulic drives with hydraulic motors 





ar ————— — uu ›ч=ш=т==нщшшш= 


^ Je 
| 
| 


А В 


АЕ Tay 


Р Т 
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Fig. 28 


Cy =[Vg/(2 2) је • Ебу 


(Ve /2 +М 1) • 104] [Nm/rad] 

Co = [Va/(2 * n). Foil 
КМе/2 + Vo) * 104] [Nm/rad] 
-N(C4 + Соу Је [1/5] 
Moment of inertia JG [кот] 
Capacity hydraulic motor Ме [cm</U] 
Pipe volume VI 4 [ста] 
М2 [сте] 


Modulus of elasticity 1.4 • 107 Eoi [kg/cm * Sec^] 


—MM | 
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Fig. 29 


In load compensated controls, the spring constant can 
be expected only on one side of the motor. 


The side which is not load compensated is under 
constant backpressure of the throttle edge for the 
outgoing oil (for meter-in pressure compensator). 


Outer forces do not result in an increase in pressure 
and 











therefore an increase intorce on this side. 


@omin =УСМЈЕ [1/s] 
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Which Reference Values can be 
Derived from the Natural Frequency 
Calculated for Control Systems 
with-Proportional- Devices? 


a) Lowest System Natural Frequency 


In control systems, the natural frequency should not 
drop below the following values 


without load compensation ЗН2 = 18.84 [1/5] 
with load compensaton 4Hz=25.13 [1/5] 


In the case of smaller natural frequencies in the sys- 
tem, it is found that acceleration and deceleration pro- 
cedures no longer function correctly due to the low sys- 
tem stiffness. In addition, stick-slip can be expected at 
low travel speeds. 


In controls with load compensation these negative cha- 
racteristics appear earlier since the pressure compen- 
sator also has a natural time characteristic. Throttle con- 
trols (without load compensation) have an additional 
damping effect and can smooth an uneven velocity pro- 
gression at low frequencies of the system better. 


An approximate velocity progression cannot be expect- 
ed also in the throttle control when the difference bet- 
ween static and sliding friction (stick-slip) is great. 


b) Minimum Acceleration 
and Deceleration Time 


A reference value for the acceleration and deceleration 
time can be derived from. the natural frequency. For 
control with proportional directional and flow control 
valves this results in 

tg = 18/a = | [1/5] 
оо = undamped circuit frequency of system in [1/s] 
For practical applications, this acceleration/ decelera- 
tion time is shown on Page 28 in tabular form as a func- 
tion of the circuit frequency. 


The acceleration values a in (m/s?) are also listed for 
various travel speeds. 
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Note 


The minimum acceleration/deceleration time can be 
defined by 3 characteristic variables: 


1. Minimum acceleration/deceleration time as a friction 
of the natural frequency wọ [1/5] 


2. Minimum acceleration/deceleration time defined by 
the installed pump pressure. 


3. Minimum acceleration/deceleraton time limited by 


the natural hydraulic operating time of the proportional 
device. 
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Development 
of Electrohydraulic Servo Valves 


— — [he fundamental development of servo hydraulics sys- 


tems stems from aviation applications. Electrohydraulic 
servo valves were designed and constructed to pre- 
cisely control flying objects with extremely small elec- 
trical input signals. The changeover from electrical or 
electronic control systems to electrohydraulic open 
loop and closed loop controls was particularly due to 
the high flying speeds and the resulting high position- 
ing veloci-ties and forces. 


It was therefore necessary for the positioning device to 
meet demanding requirements with regard to speed, 
precision and power density. 


In the course of time, industry has also implemented 
this technology, modified to suit the accuracy required 
in industrial applications so that it was possible to offer 
the devices at prices acceptable to industry. 


Definition of Servo Hydraulics 


The term "servo hydraulics" is widely used in technical 
jargon. Nevertheless, a great many differing opinions 
still exist regarding to its true meaning. 


For instance, it could be expressed as being "closed 
loop electrohydraulic control". 


This definition could include all applications in which hy- 
draulic devices operate in closed loop control circuits. 


Operating in closed loop control circuits means the 
operating status is constantly monitored by means of 
measurement while deviations from the required ope- 
rating status are automatically corrected. 


The controlled variables are mainly mechanical variab- 
les 


such as - distance Or angle of rotation 
- velocity rotary speed 
- force torque 


or hydraulic variables 


- volumetric flow 
- pressure 


such as 


To be able to control the above specified variables, 
corresponding measuring devices are necessary for 
determining the actual value. 


Servo hydraulics therefore not only refers to individual 
hydraulic components but much more to the inter- 
action of applied closed loop control, hydraulics for 
power transmission and electronics for data proces- 
sing. 


To facilitate assessment of closed loop electrohydrau- 
lic control circuits or to define their power limits, it is ne- 
cessary for the user to examine the areas: 

Closed loop technology 

Electronics 

Hydraulics and 

Measurement technology. 


Servo Hydraulics as a System 


It will be apparent that servo hydraulics is pure control 
technology. 


All elements involved in the closed loop control must 
be taken into consideration. 


The result depends to a great extent on the intensive 
cooperation of all persons working on a project, since 
good cooperation at the earliest possible stage is the 
best prerequisite for obtaining optimum results. 


Compromise solutions are often the result when co- 
operation begins at a point in time at which the essen- 
tial features of a project have already been irreversibly 
defined. 
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Difference Between a Control Chain 
and a Closed Loop Control Circuit 


Control Chain (Open loop control) 

If the switch "а" is connected, the proportional amplifier 
"b" actuates the proportional directional valve corres- 
ponding to the set signal value. The proportional valve 
opens, thereby enabling flow. 

The piston rod of the cylinder Z moves. 

If it is now necessary to stop the piston of the cylinder 
at a defined, reproducable point when the switch is 
opened, then this is only possible to a limited extent. 


The reasons are: 


- The switching characteristic of the proportional valve 
varies with the oil viscosity. 


- The pressure drop at the valve varies due to viscosity- 
dependent losses in the piping system. 


- Various flow rates result from differing Ap and pro- 
duce various positioning velocities of the cylinder. 


- The deceleration distance changes dependent on 
the mass moved and the positioning velocity. 


All these “interfering variables” effect the result obtain- 
ed by acontrol chain. 





Fig. 2 Open loop control with proportional directional valve 
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Closed Loop Controi Circuit 


With potentiometer P1, a signal value voltage is pre- 
selected which corresponds-to-a-certain-position-of-the 
piston. The actual position of the piston, i.e. the actual 
value, is also provided in the form of a voltage by 
potentiometer P2. These two voltages are subtracted 
from each other at the input of the amplifier V, i.e. the 
signal/feedback difference - the closed loop error - is 
produced. The error is amplified in the amplifier V and 
is now able to energize the coil of the servo valve SV. 
As a result, the servo valve opens and the piston 
moves. At the same time, the position of the poten- 
tiometer P2 also changes, the actual value voltage 
approaches the signal value voltage ever more closely, 
until it is finally equal to P1 when the required position 
is reached. The error constantly becomes smaller 


during this procedure and despite amplification, less 
and-less-current-is-available-to. the. coil-of-the servo 
valve: This means the servo valve closes gradually and 
therefore decelerates the piston. When the required 
position is reached, the error is zero and the servo 
valve closed 


It can be seen that the interfering variables described 
in the open control chain no longer or scarcely effect 
the result in the closed loop control circuit. This ís a 1 
important feature of closed loop technology and ther љ- 
fore also of servo hydraulics. 


Feedback рете опе! БА 


Signal value 
potentiometer 


Amplifier 


Fig. 4 Closed loop control circuit with servo valve 
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Definition, Data and their Significance 
in Applications 


The description of servo valves includes a great num- The nominal flow is always referred to complete spool 

ber of terms and definitions which should firstly be movement of the servo valve. In the case of partial 

defined and their meaning explained. spool movement the flow varies proportional to the 
movement ratio. 


1. Static Data 
1.2 Flow Curve 
1.1 Nominal Flow 
The flow curve shows the relationship between the 
The nominal flow of servo valves is normally referred to valve flow and the electrical input signal. 
a total pressure drop of 70 bar. 
A, B = Characteristic operating points 


This does not mean, however, that operation is limited A = Operating point about zero point 
to this 70 bar pressure drop. Any operating point (flow) B = Operating point when open 
can be defined. 


Refer to 1.3 (Page F6) for significance of operating 
point in control systems. 





D seminars Nominal flow at 
nominal pressure drop Apnominal 


О [%] Flow 
io s 


5096 Gain 


20 40 60 80 100 
Rated current [%] 












200% Gain 


- 100- 80 – 60 – 40 - m 


Ar 








— 80 
Typical | - 100 7 
flow curve – 110 


Fig.5 Flow curve 
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"Zero" Overlap. 

There is no volumetric flow 

in control spool position Y= 0. 

There is constant volumetric flow 

via the control land in position |Y |> 0. 





100 % 





Positive Overlap 

Control openings remain closed 
inthe area lY | € Yo. 

There is constant volumetric flow 

via a control land in position |Y |> Yo. 





Negative Overlap 

There is constant volumetric flow 

via both control lands in the area Y= Yo. 
There is volumetric flow 


via only one control land in position |Y |> Yo. 





| | 
| | 





птататита ти" 


Fig. 6 Flow curves for various degrees of overlap in the neutral point (Point A) 
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1.3 Assignment 
of Overlap to Control Function 


- Position and pressure control 

In closed loop position and pressure control, the valve 
operates in the working point "A", i.e. about the neutral 
point. 


Zero overlap or a negative overlap must be selected 
for this application. Positive overlap cannot be used 
here since signals are not transferred within the over- 
lap area or signals are transferred only in distorted form 
immediately outside the overlap area. Stable closed 
loop contro! is therefore not possible. 


- Closed loop velocity or flow control 

In a closed loop velocity control, the valve operates in 
the working point "B". In this case, a positive overlap in 
the neutral point can be used. 


- |воја па function with positive overlap 

A positive overlap does not represent reliable cut-off. 
The overlap is normally small to ensure sufficient flow is 
achieved with the remaining stroke. Due to the neutral 
point being shifted as the result of pressure and tem- 
perature fluctuations or a jet being blocked on one 
side, the flow is enabled in one direction and the drive 
moves. 


1.4 Flow Amplification 


Amplification is normally specified as the relationship 
between the output signal and input signal. Flow 
amplification is therefore defined as 





This definition represents the average increase in the 
flow curve. The gradient of this curve depends on the 
system pressure. 

Due to production tolerances, various degrees of am- 
plification occur particularly about the neutral point 
(refer to flow curve, Fig. 6). As a result, it may be ne- 
cessary to readjust the controller when replacing the 
valves. 


1.5 Response Sensitivity "E" 


- Sensitivity of response 

The term sensitivity of response refers to the change 
of the electrical input signal which is necessary to pro- 
duce a measurable change in flow when the signal is 
changed from a stopping point in the same direction as 
the stopping point was approached. The value is speci- 
fied as a percentage of the rated current. 
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Fig. 7 Sensitivity of response 


- Reversal range 

The reversal range is the change in the electrical input 
signal necessary to produce a change in flow when the 
signal is changed from a stopping point in the opposite 
direction as the stopping point was approached. Speci- 
fied in percent of rated current. 





Fig. 8 Reversal range 


The response sensitivity and the reversal range there- 
fore represent dead zones which influence the accu- 


——andReversat Range-"S"— — faey ofthe elesedtoep coniret cirevit: 


If the servo valve is to perform a correction, then it re- 
quires an input signal which, depending on the direc- 
tion of the correction, must be greater than the sensiti- 
vity of response or the reversal range. 


An input signal is produced by a closed loop error, i.e. 

the difference between signal and feedback value. 
Neglecting the pressure ratios, this means that the con- 
trol range in the case of closed loop flow control and 
the possible positioning accuracy in closed loop posi- 
tional control are directly influenced by the servo valve. 














1.6 Pressure-Signal Function 


A corresponding force is necessary in order to correct 
a-drive:-For- this-reason;-the-progression-of-the-output 
pressure with respect to the input signal is of conside- 
rable significance. This progression is shown in the cha- 
racteristic pressure curve. 


PL/Ps [%] 
100 
80 
60 
40 
20 


I/INominal [96] 


Fig. 9 Pressure-signal function 
1.7 Pressure Amplification 


The relationship between the output pressure and 
input signal is referred to as pressure amplification. 





The pressure curve shows how far the servo valve 
must open in order to pass the pressure required for 
correction. 


The opening of the valve is in turn controlled by a 
closed loop control circuit so that the pressure am- 
plification directly effects the closed loop control accu- 
racy. Correspondingly, the pressure amplification 
should be as large as possible. 


In the case of the pressure curve illustrated, 80 % of 
the system pressure is available for correction of the 
closed loop error at 1 % of the rated current. 


1.8 Flow/Load Function 
A.servo hydraulic drive generally. consists of a servo 


valve and a cylinder or motor as a load. Movements are 
influenced by throttling the supply oil flow. 
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SUBMIS al 


PMotor= pL = p1 - p2 


Fig. 1 0 Four edge throttle control 


Assuming ideal conditions, the oil flow through a thrott- 
ling point is obtained in accordance with the following 
equation 





In this equation, Q is the oil flow, Y the degree of spool 
movement (= percentage movement, see fig. 11) and 
K a constant which takes into consideration the 
geometry of the contro! opening, the density of the oil 
etc. and Ap is the pressure drop at the control land. 

Depending on the load, the motor connected in the 
example requires a load pres. р. If ps is the system 
pressure, then the following pressure drop remains 





When the motor is not subject to load, i.e. рр = 0, the 
entire system pressure is available as Ap. The maxi- 
mum oil flow is provided. If the motor is blocked, the 
entire system pressure is applied at the motor the oil 
flow is then zero. 
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2. Dynamic Data 


The natural frequency of a drive and the resulting total 
gain possible are decisive for the closed loop control 
accuracy of the relevant drive. The natural frequency of 
the drive is primarily defined by the dynamics of the 
servo valve. 


simply stating the positioning time is not sufficient in 
this case to describe the dynamic characteristics. The 
most common method of examining the dynamic cha- 
racteristic is the frequency response method. 


During this procedure, the servo valve is excited with 
sinusoidal signals and the reaction of the valve to the 
signals is registered. 


The response signal of the servo valve (flow Q) is in 
turn sinusoidal, however, compared to the excitation 
signal, it has a modified amplitude and phase relation- 
ship. 
Initially, the signal is applied at low frequency and then 
Load pressure in % of operating pressure gradually Increased. As a result, it can be seen that as 
the frequency increases, the initial amplitude decrea- 
ses and the movement of the valve always lags behind 
the input signal. 


Load flow in % of Qmax 





Fig. 11 Flow/load function, і; = Imax 
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Fig. 12a and 12b Frequency response curve 





Input signal Хе Output signal Xa 
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2.1 The Bode Diagram 


This relationship is illustrated by the Bode diagram. 

Here, the relevant relationship of the output amplitude 
with respect to the input amplitude Xa/Xe is marked 
over the excitation frequency to obtain the “amplitude 
frequency relationship". Furthermore, the phase offset 
of the output signal is marked in this diagram with 
respect to the input signal over the frequency to obtain 


the "phase frequency characteristic". Both curves 
together form the Bode diagram. 


Amplitude 
frequency relationship 


Phase frequency 
relationship @ (9) 
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Fig. 13 Bode diagram 


The amplitude frequency relationship is normally speci- 
fied in dB (decibel). 


Therefore 





To facilitate pure qualitative description of the frequen- 
cy response, the characteristic values for frequency 
have been defined as -3 dB and -90°. 


The frequency is defined as f.3 ав at which the output 
signal Q of the valve has dropped by -3 dB with respect 
to the input signal, corresponding to the ratio Хд/Х„ = 
0.707. This characteristic value describes a point on 
the amplitude frequency relationship curve. 
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The f.goo frequency desribes the point on the phase 
frequency characteristic curve at which the output sig- 
nal lags behind the input signal by 90°. 


JAN 
| LIN | = 
E ILL IN NN |- 5 
и IHR 11 о 


30 40 5060 80 100 200 300 


Ом: 45 – 75 Штіп, ам Frequency f (Hz) 
=== On: = = 30 L/min, Zin 
== Qu: 45 — 75 L/min, 25 % Ziy 
= 30 L/min, 25 % Ziy 





Fig. 14 Frequency response of a size 10 servo valve 
with mechanical feedback 


-90° Frequency at pressure p 


Operating pressure p in bar 


Fig. 15 Function of operating pressure 


The dynamic characteristic of the servo valve is consi- 
derably influenced by the system pressure ps and the 
level of the input signal Ла огипај- 


The data can be obtained directly from the frequency 
response for an operating pressure of 140 bar. 


For other operating pressures, the frequency obtained 
from the phase frequency characteristic for the -909 
point must be multiplied by the factor obtained from 
Fig. 15. 
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Notes 
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Chapter G 


Servo Valves, Device Technology 


Friedel Liedhegener 
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General Information 


Rexroth servo valves have been developed as indus- 


— trial valves and comply with the requirements of-indus- 





try with regard to reliability, interchangeability and easy 
servicing. They are of modular design. 
This includes, 


- the consistant use of standardized mounting pattern 
to DIN 24 340 for all sizes, 


- interchangeability of torque motors or pilot stages, 
- externally adjustable 
- interchangeable filter element in the pilot stage 


Rexroth servo valves represent a further compact mo- 
dule within the sales range of Mannesmann Rexroth. 


The term "servo" is used to describe a diverse variety 
of functions. Expressed very generally, this term refers 





Fig. 1 Single-stage servo pressure valve 
Type 4 DS 1 EO2, 
1st stage ofthe servo valve - modular system 








Fig. 3 Single-stage control valve (servo valve) 
Type 4 WS 1 EO6 
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to the function in which a small hun signal produces a 


large output signal (amplifier)-- — = 


== = тит — — — Г 


The best known example is probably the servo 
steering system (power steering) in a motor vehicle, 
where the steering wheel moved with little effort 
applies a great force on the wheels. 


The procedure is similar in servo hydraulics. 


A low power intput signal, e.g. 0.08 Watt can actuate 
and control high power ratings of more than 100 kW. 


The servo valve in the form of an electrically actuated 
hydraulic amplifier is primarily used in closed loop con- 
trol circuits, i.e. not only is an electrical input signal con- 
verted into a corresponding oil flow, but rather the de- 
viations from the preset speed or position are measur- 
ed electrically and fed to the servo valve for correction. 





Fig. 2 Size 10 servo directional valves with mechanical 
feedback, Type 4 WS 2 EM 10 (right), with electrical 
feedback, Type 4 WS 2 EE 10 (left) and barometric 
feedback, Type 4 WS 2 EB 10 (centre) 








Fig. 4 2-stage proportional directionalvalve, 
Type 4 WRV, the control valve (Fig. 3) is used as the 
first slage 
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Torque Motor 


The torque motor converts a small current signal into a 
proportional, mechnical movement. In the case of 
Hexroth servo valves, the motor is a self-contained 
unit, it is mounted and tested separately and is inter- 
changeable. Features which facilitate servicing and re- 
pair. 


The "dry torque motor" is hermetically sealed from the 
hydraulic section and designed as described in the 
following: 


An armature of magnetically "soft"material is mounted 
on a thin walled flexible metal tube, which also acts as 
centering spring, a seal for the pressure medium, and 
carríes the so-called flapper plate. Thus, physically, the 
flapper plate belongs to the torque motor, but func- 
tionally forms part of the hydraulic amplifier. 


Our torque motor represents a motor system excited 
by a permanent magnet. With the aid of adjustable 
"pole screws", the gap between the armature and pole 
screw can be adjusted thereby optimizing the motor 
characteristics. 


The two coils arranged about the armature magnetize 
the armature. As a result, a bending moment (torque) is 
exerted on the "torque" tube, which also acts as a cen- 
tering spring. 


The torque is proportional to the level of the pilot cur- 
rent and equal to zero when the pilot current is switch- 
ed off (1 = 0). As a result, the tube (return spring) re- 
turns the armature and therefore also the flapper jet to 
the mid-position. 


The torque transmission of this type of torque motor 
from the armature to the flapper jet has clear advan- 
tages such as: 

- Freedom of friction 

- Low hysteresis 

- Sealing pressure medium/torque motor 

- No magnetic field in pressure medium 


Fig. 6 Torque motor without feedback 
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Fig. 5 Design of torque motor 





Fig. 7 Torque motor with mechanical feedback 
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1st Stage 


Type 4 DS 1 ЕМ 2 valves are single-stage servo pres- 
sure valves and are used for the pilot control of multi- 
stage servo valves. 


They basically consist of 

- the torque motor (1) excited by a permanent magnet 

- the hydraulic amplifier (2) designed as a flapper jet 
valve 


Torque Motor 


The torque motor is a motor which is excited by a per- 
manent magnet and hermetically sealed from the hy- 
draulic section. 


An armature (3) made of magnetically, soft material is 
secured in a spring arrangement to a thin-walled, 
flexible tube (4). This tube also serves to carry the 
flapper jet (5) and seals the torque motor (1) from the 
hydraulics. The distances between the armature (3) 
and the upper pole plate (8) can be adjusted with the 
pole screw (6). 


The magnetic flux is equal in the four gaps (9) when 
the distances are equal and no electrical signal is 
applied. The armature (3) is offset when an electrical 
control signal is applied to the coils (10). The flapper jet 
(5) is also displaced together with the armature (3). 


The torque produced in the armature (3) by the pilot 
current behaves proportionally with respect to the elec- 
trical input signal and is equal to zero when the pilot 
current is switched off (| = 0). As a result, the armature 
and the flapper jet are held in the centre position by 
the tube (4). 


Fig. 9 Schematic diagram of 1st stage 
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Hydraulic Amplifier 


The offset of the flapper jet is converted into a hydrau- 
lic variable in the hydraulic amplifier (2). In this case, the 


` flapper jet system is used as a hydraulic amplifier 


(Fig.8). 


The system consists of two fixed jets D; and 2 control 
jets Do. The pilot pressure p applied at both sides is 
reduced via the jets D4 and Do. If the jet openings are 
of equal size, the same pressure drop is also obtained 
via the jets (e.g. p = 100 bar, Agy/Bs; = 50 bar, T = 0). 


The distances to the control jets also changes with the 
offset of the flapper jet, in example offset to left: 


The distance of the flapper jet at Do left becomes 
smaller and at Do right greater. The pressure at Ас; and 
Bg, change conversely. Pressure Ас, increases, whilst 
pressure Bc; decreases. The pressure difference Ас; 
-Bgt is used as the effective signal. 
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The diagram (Fig. 10) shows the change in pressure 
dependent on the offset. 


The control is arranged, so that a linear curve is obtain- 
ed (pressure difference between the ports Ас; and 
Вар. 


The pilot oil is fed from port B ма a protective filter (11) 
to the fixed jets (12) and further to the control jets (7). 


The pressure Ag; and Bog; is tapped off between the 
fixed jets and control jets. 


This pressure difference which is proportional to the 
electrical input signal is now further applied to the con- 
trol spool of a second stage. 
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2-Stage with Mechanical Feedback 
The 2-stage servo directional valve basically consist of: 
-the 1ststage | 


- ће mechanical feedback (3) as a connecting element 
between the 1st stage and 2nd stage; 


- the 2nd stage with the interchangeable contro! slee- 
ve (4) and the control spool (5) coupled to the mechani- 
cal feedback (3). 


2nd Stage 


The control spool (5) is linked via the mechanical feed- 
back (3) almost free of play to the torque motor (1) of 
the 1st stage. 


The type of feedback used in this case functions de- 
pendent on the torque balance between the torque 
motor (1) and feedback spring (3). 


This means, in the case of unequal torque, caused by 
a change in the electrical input signal, the flapper jet (6) 
is firstly moved out of the centre position between the 
control jets. As a result, a pressure difference is pro- 
duced which acts on both ends of the control spool. 
The effect of the pressure difference changes the 
position of the control spool (5). As a result of this 
change in position of the control spool (5), the feed- 
back spring (3) bends until the flapper jet is pulled back 
to the centre position to such an extent that the main 
spool stops and torque balance is established. 


Fig. 12: 

2-slage servo directio- 
nal valve with mechani- 
cal feedback, 

Type 4 WS 2 EM 10 
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A spool stroke proportional to the input signal and 
therefore alsothe flow are therefore re-established: 


With the aid of the two socket screws (8) which are lo- 
cated to the left and right in the valve covers (9), the 
position of the control sleeve (4) can be shifted with 
respect to the control spool (5) in order to adjust the 
hydraulic neutral point. 


Special Valve Features 


The connection dimensions of the main stage (2nd. 
stage) of this valve correspond to DIN 24 340. 





Fig. 11: 
2-stage servo directional valve Type 4 WS 2 EM 10 
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Flow Curves 


Flow Qn (%) 


Depending on the application for which the servo valve 
is used, in addition to the dynamic characteristics, two 
hydraulic characteristic values are of particular impor- 
tance: 

Flow amplification and spool overlap (defining pressure 


amplification y 
| | Zero position flow?” Sy | 


depending on 


Flow Amplification (Fig. 13) spool overlap 


The control sleeve features rectangular control win- 
dows, which are opened by the main spool correspon- 
ding to the input signal. The width of these slots deter- 
mines the flow amplification (flow per spool stroke). 
The flow rate is specified in l/min which flows at 70 bar 
valve pressure drop (i.e. 35 bar from P—4A and 35 bar 
from PT) and at 100 % input current. In the case of 
higher flow amplification, the flow curve dips as a result 
of housing saturation. 





















Spool Overlap (Fig. 14) 


The four control lands of the main spool are ground in 
symmetrically. Thus, one of four positive overlap ог 
negative overlap sizes (in % of spool stroke) can be 
chosen. In the case of positive overlap, the curve is 
shallower in the centre area. In the case of negative 
overlap, the curve can be steeper in the vicinity of the 
centre (flow amplification up to 200 95). The zero posi- 
tion flow is higher, the pressure amplification lower. 





Negative overlap 


Main applications: | УУ ~ Positive overlap 


Control spool overlap А (+0.5...1.5 96), 
positive 

Suitable for velocity control loop. 

Advantage: Lower zero position flow than in "D". 





Theoretical 
Control spool overlap B (-0.5...1.5 96), curve for 
negative zero overlap 
Suitable for closed loop position and force control. 
Advantage: Higher damping, however greater zero po- Fig. 14 Principle of spool overlap 


sition flow than "D". 


Control spool overlap C (+3...5 95), 
positive 





loops without zero position flow. 


Control spool overlap D (+0...0.5 96), 

neutral 

Suitable as universal overlap for closed loop speed, 
position and force control. 

Advantage: Lower zero position flow, but lower dam- 
ping than "B". 
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Dynamics of the Servo Directional Valve 


The dynamic characteristics of the valve are indicated 
by-the-frequency-curve:-Control-technicians-have-de- 
fined the frequency, at which the amplitude frequency 
relationship is -3 dB. -3 dB means that the drop in ampli- 
tude of the output variable is 30 96 of the input variable. 


A 
А = 20- lg — [dB 
9 AS ] 





ШТ ШШШ 
ШЕШШ 


Z TAT] 

" HM 

soll 
—H- 


Nii 
АГ 
me 


ИХ TTY |+ 


A 


20 30 40 5060 80100 200 300 


Nominal flow Q (L/min) 


Frequency f (Hz) 
— — æ Qn: =30 L/min, ZiN 
—— Ор: 45-75 L/min, 25 % Zin 
=30 L/min, 25 % 2,4 


МА | 


er 
p 
p 
| 
4 
L 
a 
a 
E 
а 
= 
iu 
L| 
В 
В 
4 


| 
ШЕ 
ER 
u. 
5- 
ie 
ae 
J 
9 
2 


aie 





e 

с 
M | 
z 
| 
a 
Ej 
{| 
Еа 
Ё 
a 
BE 
i 
ЈЕ] 


0,6 AI шш ШШ ШЕШЕП pe ШЕШ ei 


CTS 10 20 30 40 50 70 100 200 300 | Fig. 17 Typical frequency response curve for directio- 


nal servo valves with mechanical feedback 





——Pressure:drop-at valve-py (bar) — 
Comparison of the frequency response (Fig. 23) of 
Fig. 16 Flow/load function of size 10 servo directional size 10 servo directional valves with mechanical and 
valves with barometric or electrical feedback (tolerance barometric feedback shows that the servo directional 
+10 %) valve with mechanical feedback has the better dynamic 
characteristics. 
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2-Stage with Barometric Feedback 


The 2-stage servo directional valve basically consists of 
-the 1ststage 

-the 2nd stage with the interchangeable control sleeve 
(7), the control spool (3) and the control springs (4). 

2nd Stage 


The pressure difference between the two control 
chambers (8) and (9) of the control spool (3) is pro- 
portional to the electrical input signal of the 1st stage. 


When power is not applied, the control spool (3) is 
pressure balanced and is held in the centre position by 
the control springs (4). 





Fig. 18 
2-stage servo directional valve, Type 4 WS 2 EB 10 
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The flapper jet is offset by an electrical input signal, 
resulting in a pressure difference between the two 
control chambers (8) and (9). 


The control spool is shifted until forces are balanced as 
the result of the pressure difference between the two 
control chambers (8) and (9) of the control spool (3) on 
the one side and the spring and flow force on the 
opposite side. 


since the control springs (4) also have a linear cha- 
racteristic, the stroke of the control spool (3) and there- 
fore the flow of the servo directional valve is also pro- 
portional to the electrical input signal. 


Special Valve Features 


The connection dimensions of the main stage (2nd. 
stage) of this valve correspond to DIN 24 340. 


The filter element in the 1st stage can be easily remov- 
ed and serviced. The filter chamber prevents dirt parti- 
cles entering the oil system. 


An external pilot control is of advantage in particular 
valve applications. Since the DIN subplates feature no 
connection for this purpose. a subplate can be mount- 
ed between the 1st and 2nd stage. 

The neutral point adjustment is easily accessible. 

In servo valves with barometric feedback the amplitude 
drop and phase offset are dependent on the system 
pressure and flow. The devices are specially adapted 
for certain pressure ranges in order to achieve opti- 
mum results. The same also applies to certain flow 
ranges so that differing frequency curves are obtained. 


Fig. 19: 

2-slage servo directio- 
nal valve with barome- 
tric feedback, 

Type 4 WS 2 EB 10 
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2-Stage with Electrical Feedback 


Type 4 WS 2 EB 10 - 30/..B.. valves are 2-stage servo 
directional valves. 


They basically consist of: 

-the 1st stage 

- the 2nd stage with the interchangeable control slee- 
ve (3) 

- an inductive positional transducer (4) with its core (5) 
secured to the control spool (6). 


2nd Stage 


The control spool (6) is linked to the inductive positio- 
nal transducer (4) by means of suitable electronics. 


Any change in the position of the main spool (6), which 
is attached to the core of the inductive positional trans- 
ducer (5), produce a change in current in the AC fed 
coil (b). Such a change, or a change in signal value pro- 
duces a resultant differential signal. 


During signal/feedback comparison, the deviation is 
evaluated by suitable electronic components and fed 
to the first stage of the valve as a closed loop error. 
This signal deflects the flapper jet (7) between the two 
control jets (8). As a result, a pressure difference is 
produced between the two control chambers (9) and 
(10). 


The control spool (6) with the attached core (5) of the 
inductive positional transducer (4) is shifted until the 
signal value agrees with the actual value and the flap- 
per jet returns to the centre position. 


In the controlled status, the contro! chambers (9) and 





oe * p = п + & 4# «= 4 п dt 
enn * > + y h * à чин“ 


* o * & =з зоя = * o9 з *® 


*ow + 
вв ва + 4 
* ^ а во» b 
* 9 = а = п 
* + ^ + т 


oe aoe 
^ + s e a 


нанете 

* э +... 
* » 9 ^ та » - 

mom * e + 9 = a = 


+ * » ва ИИИ y oh x 
* 


N 
N 
N 
NN 


SC 


FR 


... 
ae 
ЫГЫ 
+ k + 
4 &o ө а a p y а 


a & eas 9 +e + 
+ = © е » +o a 


Fig. 21: 

2-stage servo directio- 
nal valve with electrical 
feedback, 

Type4 WS2EE 10 


(10) are pressure-balanced and the control spool is 
held-in-this controlled position: 


Due to the position of the control spool (6) with respect 
to the control sleeve (3) a corresponding control open- 
ing to flow results which is also proportional to the sig- 
nal value in the same way as the spool stroke and the 
flow. 


The frequency response of the valve is optimized by 
means of electrical amplification in the electronic circui- 


try. 


Special Valve Features 


The connection dimensions of the main stage (2nd. 
stage) of this valve correspond to DIN 24 340. 





Fig. 20: 
2-stage servo directional valve, Type 4 WS 2 EE 10 
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Comparison of the hydraulic and dynamic data shows | 
the differences of the three feedback systems. Mechanical | Electrical 
Standard 


Baro- 
metric 


Hysteresis — 1. 
dither-optimized (96) 


Response 
Fig. 22 (right) | sensitivity (%) 
Comparison of the hydraulic data 

Reversal range (%) 
Fig. 23 (below) 
Comparison of the frequency response curves for 
mechanical, barometric and electrical feedback for size 
10 servo directional valves. 


| Flow symmetry 
deviation (%) 





On = 30 L/min 
Py = 140 bar, ZiN 





T | Ом < 30 L/min 
о ~ | | Py = 140 bar, 25 96 Ziy 
Va Electrical 
a feedback 
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3-Stage with Electrical Feedback 


Type 4 WS З EE .../... valves are 3-stage servo directio- 
nal valves. 


They basically consist of: 

- the 1st stage 

- the 2nd stage (3) in the form of a flow amplifier stage 
for control of the 3rd stage (4) 

- the 3rd stage (4) for open loop flow control of the 
main oil flow 

- an inductive positional transducer (5) with its core (6) 
secured to the control spool (7) of the 3rd stage. 


3rd Stage 


The control spool (7) is linked to the inductive positio- 
nal transducer (5) by means of suitable electronics. 


Both the change in position of the control spool (7) as 
well as the change in the signal value generate via the 
core (6) a differential voltage in the coils of the positio- 
nal transducer (5) fed with alternating current. 


During signal/feedback comparison, the deviation is 


evaluated by suitable electronic components and fed 
оће 1st stage of the-valve-as-a-closed-loop error.-This 
signal offsets the flapper jet (8) between the two con- 
trol jets (9). As a result, a pressure difference is produc- 
ed between the two control chambers (10) and (14). 
The control spool (11) is shifted and enables corres- 
ponding oil flow into the control chamber (15) or (16). 
The control spool (7) with the attached core (6) of the 
inductive positional transducer (5) is shifted until the 
signal value agrees with the feedback value. 


In a controlled condition, the control chambers (15) 
and (16) are pressure balanced and the control spool is 
held in this controlled position. 


Due to the position of the control spool (7) with respect 
to the control sleeve (13) a corresponding control 
opening to flow results which is also proportional to the 
signal value in the same way as the spool stroke and 
the flow. 


The frequency response of the valve is optimized by 
electrical amplification in the electronic circuitry. 
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Fig. 24: 3-stage servo directional valve with electrical feedback, Type 4 WS 3 EE 
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Servo control valve Size 6, 
direct operated 


The control spool of-this valve is not moved by a hy- 
draulic pilot valve (jet/flapper) as in pilot operated servo 
valves, but mechanically by means of a powerful torque 
motor. This valve basically consists of the torque motor 
(1) and the 4-way spool stage (3). 


The torque motor (1) is an electromechanical converter 
which converts an electrical signal into a linear motion 
of the end of the pin (4). It is hermetically sealed from 
the hydraulics. The armature (5), tube (6) and pin (4) 
are rigidly connected. The end of the pin (4) protruding 
from the motor is linked to the control spool (2) by 
means of the tie rod (7). The spring stiffness of the 
torque tube (6) acts against the force of the torque 
motor when the pin (4) is deflected so that a centering 
effect is obtained. 


The movement of the control spool (2) and therefore 
the valve flow is proportional to the electrical input 
signal. 
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The hydraulic neutral point is adjusted with the screw 
(8) which moves the control sleeve (10), which can be 
shifted axially in the housing (9) relative to the control 
spool (2). 


opecial features of this "single-stage" control valve are: 


- [he permanent magnet (fast) motor which is both seal- 
ed and centered by the torque tube. 


- Control sleeve and spool in "servo quality", i.e. linear 
flow curve, precise control land geometry. 


- Hydraulic and electric damping. 


Fig. 25 Single-stage contro! valve with permanent mag- 
net torque motor actuation, Type 4 WS 1 EO6 
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The stroke of the main spool is +0.4 mm; corres- 
ponding to the applied pressure drop, a flow/load func- 
tion diagram is obtained as shown in Fig. 28. Since the 
motor-acts-against-the-flow-forces- with=its= positioning 





force only up to a certain limit, the main spool is ата ~ 


dually pulled back to the centre position at a certain 
"Ap" despite the full input signal. As a result, the 
opening area is reduced and flow decreases. 


On the other hand, this effect has a positive influence 
onthe dynamics. 

The smaller stroke is completed faster, a loss of ampli- 
tude due to the dynamic limits of the valve dependent 
on Ap occurs later than in the condition without flow. 


Amplitude frequency relationship A(dB) 
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Fig. 28 Flow/load function at ту (the Q-p, relationship 
is negative above the power limit) 
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Proportional Directional Valve 4 WRV 


The control valve described above with internal feed- 
back can be used precisely in the same way as the 2- 
stage servo valve to control proportional valves with 
electrical feedback. 


This 2-stage proportional valve is characterized by 
good dynamics and high repetition accuracy. In con- 
trast to the 2-stage servo valve, the pilot valve does not 
require a continuous flow of pilot oil. 


The valve is suitable for use in closed loop control cir- 
cuits for force, speed and position control. 
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Fig. 30 Pilot operated proportional directional valve with electrical feedback, Type 4 WRV 
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Installation, Commissioning 
and Maintenance 
of Hydraulic Servo Valves 


1. General 


The following should be observed to ensure perfect 
operation of the servo valves: 


- The data sheets 


- Cleaning and adjustment instructions provided in the 
servicing manual RD 09240 


- We wish to further draw your attention to VDI Specifi- 
cations, Commissioning and Maintenance of Hydraulic 
systems, VDI (3027) 


Note: 
The functional test of each servo valve is verified by in- 
spection data. 


2. Installation 
2.1 Installation Instructions 


Before the valve is mounted in the system, the valve 
type designation should be compared with the order 
data. 


1. Cleanliness 

- of surrounding area and servo valve when mounting 
the unit. 

- the tank must be sealed from external contamination. 

- prior to installation, pipes and the tank must be clean- 
ed of dirt, scale, sand, metal swarf etc. 

- hot bent or welded pipes must be subsequently pick- 
led, flushed and lubricated. Refer to the detailed infor- 
mation given at 3.6 with regard to system flushing. 

- only use lint-free material or special paper for cleaning 
purposes. 

2. Sealing material such as hemp, putty or sealing tape 
must not be used. 

3. Hoses should be avoided whenever possible. 

4. The piping system must be made up of seamless 
precision steel pipes to DIN 2391/C. 

5. The connecting lines between the driven unit and 
the valve must be as short as possible; we advise that 
the servo valve is installed in the immediate vicinity of 
the driven unit. 

The mounting surface must have a surface finish of 
Rtmax, $4 ит and a degree of flatness of 

«0.01 mm/100 mm length. 

6. The mounting- screws must be tightened to the-tor- 
que specified in the data sheet. 

7. An oil bath air filter is recommended as the filter 
breather. 

Pore size € 60 um. 
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8. The protective plate on the servo valve should only 
be removed immediately before installation. 


2.2 Installation Position 


Any position, preferably horizontal, however, the orien- 
tation of the spool must be observed related to the 
type of feedback. !f the servo valve is mounted on the 
driven unit, care should be taken to ensure that the 
valve spool is not positioned parallel to the acceleration 
direction of the driven unit. 


2.3 Electrical Connection 


Refer to the relevant data sheet for electrical, connec- 
tion. 
The servo valve can be operated in parallel, series or 
differential circuits. To provide the highest degree of 
operational reliability, we recommend parallel connec- 
tion. 


Caution: 

Due to the electrical amplification in closed loop control 
Circuits, an electrical signal must not be fed to the valve 
before operating pressure is applied to the first stage. 
An exception to this is when 100 % current limitation is 
provided. 

Special protection classes require special measures 
which are stipulated in the relevant data sheet. 


3. Commissioning 


3.1 Fluids 

Mineral oil to DIN 51524, DIN 51525 or VDMA 24318 
should preferably be used as the pressure medium. A 
fluid temperature of 50 9C should be maintained when 
using H-L36 or H-LP36. The maximum temperatures 
recommended by the manufacturer of the fluid should, 
if possible, not be exceeded in order to protect the 
fluid. To ensure constant control characteristics of the 
system, it is advisable to maintain the oil temperature 
constant (+5 °C). 

Other fluids on request. 


3.2 Are the correct sealing materials being used? 
For "non flam" fluids type HFD, and for temperatures 
above 90 9C, seals type "V" must be specified. 


3.3 Filtration 

--Internally pilot- operated- servo valves must be pro- 
tected immediately in-front-of-the-valve-with-a.pressure 
line filter without bypass valve with a nominal filter ele- 
ment pore size of 10 uum (purity class 5 to NAS 1638) in 
the pressure port "P". 
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- In the case of externally pilot operated valves a pres- 
sure line filter without bypass and nominal pore size of 
the filter element 10 um (purity class 5) must be in- 
stalled-before-the- servo valve-in-the-supply- line -to-port 
"X". In this case, we recommend that the entire hydrau- 
lic system is cleaned via a further 10 um filter. 


- The permissible differential pressure of these filters 
must be greater than the operating pressure. 


- We recommend filters equipped with a filter clogging 
indicator. 


- Absolute cleanliness must be ensured during filter 
change. Impurities at the output side of the filter are 
flushed into the system and cause faults and malfunc- 
tions. 

Impurities at the inlet side reduce the service life of the 
filter element. 


3.4 Due to requirements regarding good control 
characteristics the pilot pressure should be maintained 
constant (+5 bar). 


3.5 Adjustment of the hydraulic neutral point: 

The hydraulic neutral point of each servo valve is ad- 
justed on a test bench with the aid of a hydraulic motor. 
Nevertheless, in order to achieve optimum closedloop 
control accuracy it may be necessary to readjust the 
hydraulic neutral points of the servo directional valves 
corresponding to the relevant load and in accordance 
with the instructions given in the data sheet. 


3.6 Flushing system: 

All supply and return lines must be flushed prior to com- 
missioning of the servo valve. Instead of flushing pla- 
tes which connect P to T (refer to data sheet for type), 
the use of directional valves (symbol G or H) is pre- 
ferred, with the aid of which the working lines and loads 
can also be flushed. Care must be taken in the case of 
external pilot oil connection to ensure that this connec- 
tion is also flushed. 

The oil in the system should be flushed through the 
filter at least 150 ... 300 times. 


Based on this, a reference flusing time can be derived: 


t =V/Q-2.5...5 


Were t =Flushing time in hours 
V = Tank volume іп liter 
О zPumpdelivery rate in l/min 


During the flushing procedure, all filters must be con- 
stantly monitored and the filter elements replaced if 
necessary. After opening connection lines (for any rea- 
son whatsoever) flushing must be continued for 
approx. 30 minutes. 
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4. Maintenance 


4.1 The system must be flushed again when refilling 
more than 10 96 of the tank capacity (see 3:6). 


4.2 Return of Valve for Servicing 

When returning a defective valve, it is necessary to pro- 
tect the base surface of the valve from the effects of 
dirt. Careful and adequate packing is advisable to en- 
sure no further damage is incurred during transport. 


4.3 Cleaning and Adjustment Instructions 

Past experience has shown that faults in servo valves 
are mainly due to dirt in the area of the flapper jet sys- 
tem.Valves can be cleaned in accordance with the in- 
structions given in the Service Manual RE 09420. 


5. Storage 


servo valves must be stored in a dry, dust-free room 
with low atmospheric humidity. Storage rooms must 
also be free of corrosive materials and vapours. The 
valves must be checked from time to time to ensure 
that they are stored correctly. If servo valves are to be 
stored for longer than 3 months, it is advisable to fill the 
valves with a preservative oil. 
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From Open Loop Control 
to the Closed Loop Control Circuit 


As shown. by. calculation. examples. for the design. of 


-open--loop--control-systems- with--proportional--valves;— 


the possible accuracy of the system depends on seve- 
ral factors resulting from the overall system. 


Before dealing with closed loop control circuits in de- 
tail, we should take a look at two types of control sys- 
tems as an introduction: 

- time-dependent deceleration 

- distance-dependent deceleration 


1 Time-dependent Deceleration 


The following relationship results if an electrical time 
ramp is used in a open loop control with proportional 
valves for the deceleration procedure: 


1.1 


S1 


Velocity of the load 
Distance/stroke of the load 
Acceleration or deceleration 


Fig. 1 


A cylinder moves at velocity v4. On reaching the limit 
switch the selected velocity value (deflection of the 
valve spool) is switched at the input of the card to v = 0 
for instance, i.e. cylinder stop. The signal value now 
changes corresponding to the ramp time setting. The 
deceleration distance is thus determined. 


Example: 


v4 =0.8m/s travel speed 

thy = 0.2 sec. deceleration time 

а= vit 

a =0.8(m/s)/0.2(s) = 4 [m/s¢] deceleration 


Deceleration distance 

54 - V42/(2 * a) =0.84/(2 • 4) = 0.08 [m] = 80 [mm] 

If, for example, the velocity is changed corresponding 
to the required operation, a different deceleration dis- 


tance naturally results with the ramp setting remaining 
unchanged. 





Example: 


-V2—2 1.2. m/stravel speed... 


tbo = 0.3 sec. deceleration time 
а = vit 
а =1.2(m/s)/0.3(s) = 4(m/s?) deceleration 


Deceleration distance 
So = Vo^/(2*a) = 1.22/(2 4) = 0.18 [m] = 180 [mm] 


This therefore means the cylinder stops at various 
points. This fact is often forgotten in practical applica- 
tions when a stopping point is approached at various 
velocities. 


1.2 


A possibility of reaching a stopping point at various ve- 
locities is to decelerate to a relatively low speed. The li- 
mit switch E2 only send the stop signal outside this ve- 
locity range. Fig. 2 shows the progression. The stop- 
ping accuracy is good in this case (also see Page E16). 


V4- reduced speed (creep speed) 





Fig. 2 


However, at these velocities v < Vmax this arrangement 
takes valuable time. 
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1.3 A further possibility is to assign a ramp to each ve- 
locity value. If, for example, the same stopping point is 
to be approached from various speeds, theoretically 
this can be achieved as follows: 


Limit switch 





Fig. 3 


Although the same deceleration distance is obtained 
at the corresponding ramp setting, time is however lost 
(also as in Example 1.2, see Page E16). 


Example: 


Let us take the previously calculated deceleration dis- 
tance of 180 mm (at Vo = 1.2 m/s and a = 4 m/s?) 
this results in 


v4 = 0.8 m/s and Sp = 180 mm 
—4a deceleration of 


and the required time of 
> th =V/a=0.8/1.8 = 0.44 [sec] 


In practical applications, the scatter at the end point is 
greater than in Example 1.2 since movement is always 
from different speeds. 


In this connection, reference is once again made to the 
maximum possible acceleration/deceleration as speci- 
fied on Page E27/E28. 


The problems with regard to the accuracy of the ramp 


setting should also be taking into consideration at this 
point so that this solution is not really recommendable 
for applications where particular importance is attached 
to an exact stopping point. 


H2 


1.4 In order to achieve a more reliable deceleration of 
the system compared to Example 1.3, it would be ne- 
cessary to use a further limit switch for the other velo- 


city: 





Fig. 4 

The limit switch E1 is arranged later corresponding to 
the lower velocity v4. In this solution therefore one limit 
switch is assigned to each velocity value. 


The solution which enables the characteristics shown 
in Fig. 4 without having to use a separate limit switch for 
each velocity is distance-dependent deceleration. 


2 Distance-dependent Deceleration 


Clearly by way of definition, deceleration takes place 
not dependent on an electrical ramp time but rather de- 
pendent on the travel distance (stroke) of the driven 
unit. 





The diagram in Fig. 5 clearly shows that the same stop- 
ping point is always reached irrespective of the travel 
speed. 
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Deceleration cam 


Analogue initiator 


Fig. 6 





pa: Sx 
EA 
U [V] 
-6 
+1 
2 6 10 


s, [mm] 
Distance Cam Proximity Switch 





Fig. 7 
A version often used in practical applications for stroke- 


dependent deceleration involves a deceleration cam 
and analogue proximity switch (Fig. 6). 


Signal value +10V 


Residual 
velocity _ 


— Initiator I 
| —® ——- 

















Root value 
generator 


Fig. 9 Practical control with analogue initiator 








The analogue initiator is an electronic proximity device, 
which produces a voltage output inversely proportional 
to the proximity of a metal component (i.e. a cam), from 
maximum-down-to-virtually-O-volts.—Fhis-voltage"is-rout- 
ed to a specially designed amplifier and controls the 
proportional solenoids of the proportional valves. 


The block diagram (Fig. 9) shows the control with analo- 
gue intiator. For the sake of simplicity, only a solenoid 
control system is shown. 


The minimum value comparator ensures only the smal- 
ler of the two input signals (E4 = signal value, Eo = from 
proximity switch) is effective at the output. 


As also shown in the block diagram, a root value gene- 
rator (Fig. 8) is often used in conjunction with the analo- 
gue initiator. The advantage for practical applications is 
that time requirements are reduced since this arrange- 
ment enables optimum approach of a position, i.e. at 
the highest possible speed. A description of an imple- 
mented system is provided on Pages L8 and L9. 


If the analogue positional feedback is to be effective 
only in the area of the deceleration distance (always 
the same end point), systems can be designed without 
the necessity of taking the whole travel distance into 
consideration. 


Signal after 
root value generator 


d 
N 


Signal Initiator 





Fig. 8 


Minimum value 
evaluator 


Solenoid A 
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Another possibility of determining position during 
stroke-dependent deceleration is a linear potentio- 
meter. 





Linear potentiometer 


Fig. 10 


In this version, an analogue signal of stroke position is 
taken and processed on an electronic amplifier card. 


since, in this case, the entire stroke is converted in the 
form of a signal, it is possible to preselect any stroke 
with the electrical amplifier. 


The examples described up till now are clearly open 
loop controls. 


This means that the actual value, e.g. velocity of a cylin- 
der, is not measured and not compared with the signal 
value. 


In such systems, the interfering variables naturally have 
an effect on the result. 


If it is necessary to compensate these disturbing influ- 


ences, the-system must ре designed-as-a closed loop 
control circuit. 
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The Closed Loop Control Circuit 


The prerequisite to facilitate understanding of the rela- 
tionships-in-a-closed-loop-control_circuit-is_the_know- 
ledge-of-fundamental-conditions-and-definitions-rela- 
ting to closed loop technology. 


A general view of the most important relationships is 
provided in the following. 


Here, the intention is not to provide information rela- 
ting to formulae and methods of calculation, but rather 
to convey the fundamentals of physical relationships in 
the language of the control technician. 


What is Closed Loop Control? 


Fig. 11 shows the principle layout of a closed loop con- 
trol circuit together with the most important definitions. 


Reference 
value (+) w 


Controlled output X 





Controlling 
variable Y 





Fig. 11 Principle configuration of a closed loop control circuit 


Definition 

In a closed loop control system, the feedback value is 
constantly measured and compared with a signal value. 
As soon as a difference occurs between the two va- 
lues caused by an interfering variable, a corresponding 
adjustment is implemented in the system to be con- 
trolled with the aim of re-establishing agreement of the 
control variable with the signal value. 


Ш 
"EIU 




















Fig. 12 Example of closed loop positional control 
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As in any other closed loop control system, the closed 
loop positional control circuit features a control unit and 
a controlled system. 

In-the-example- (Fig. 12) the-control- equipment 1п- 
cludes: 
- the controller 
This consists of the comparator which generates the 
signal value/feedback difference, and the closed loop 
amplifier 
- the precision measuring system. 


The controlled system includes: 

- the hydraulic drive with hydraulic motor and valve 
- the mechanical transmission elements 

such as 

* gearbox 

* coupling 

• threaded spindle 


The characteristic feature of a closed loop control is 
looped signal flow, which works here as follows: 


The position X of the slide (= control variable) is mea- 
sured with the aid of a scale and a measuring amplifier 
and represents the actual position value. The set posi- 
tion is specified by the signal value w produced by a 
signal value generator. The closed loop error is derived 
from the difference between the signal and actual va- 
lue (w - x) 

The closed loop error is passed through the controller. 
The output signal of the controller is the positioning va- 
riable Y. This positioning variable Y also acts as the in- 
put variable of the controlled system and actuates the 
valve. The direction of rotation of the motor is con- 
verted by means of a spindle drive into a linear motion 
of the slide. In this way, the signal flow is closed to form 
a closed loop positional control circuit. 


Block Diagram 

The individual areas of the closed loop control circuit 
such as "controlled system" and "control equipment" 
are termed "closed loop control elements". These 
closed loop control elements are generally repre- 
sented in the form of rectangular blocks. 


The block diagram reflects the link between the indivi- 
dual blocks to form a closed effective system. 


The signal flow is represented by lines and direction 
arrows. 


Гап! Br IL ПО 

Input signals or "input variables" Xw act on the indivi- 
dual elements in the closed loop control circuit. The 
"output variables" Xa are derived from these values 
depending on the "transfer function" of the element 
and then further processed. 


The “transfer function" represents the progression of 
the output variable with time referred to any time 
change in the input variable. 


A characteristic change in the input variable is the step 
function. In this case, the output signal is the “stepped 
response" or the "transfer function”. 
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This transfer function is often drawn in the block sym- 
bol to facilitate exact or more illustrative representation 
of the transfer function of an element. 


Input step 


Output variable 





Fig. 13 Example of a transfer function 


Despite the wide variety of components possible from 
a technical point of view, the various transfer function 
can be reduced to only a few basic types. 


This-exclusion-ef-component-diversity-in-the-transition 
from the real technical system to the mathematical 
model greatly facilitates examination of dynamic proce- 
dures and generally enables statements to be made re- 
lating to the characteristic of a closed loop control, irres- 
pective of whether the closed loop control circuit com- 
prises electrical, mechanical or any other components. 


The closed loop control elements can be categorized 
in "basic transfer functions" (Fig. 14) according to their 
transfer characteristic. 
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1.) Proportional element 


2.) Proportional element with delay 
1.order 


3.) Proportional element with delay 
2.order 


4.) Integral element 


5.) Differential element 


6.) Dead time element 


Fig. 14 Basic transfer functions 


Examples relating to basic transfer functions 


The proportional element (P-element) 





Fig. 15 


The stepped change in the output variable Xa corres- 
ponds to the stepped change in the input variable Х,. 


The output value is 








with the amplification of the proportional element (also 
termed transfer constant). 


P element 


PT, element 


РТ» element 


| element 


D element 


Таеау element 








This provides the symbol for the P-element 





Fig. 16 Symbol for P-element — 


Further examples of the effect of the P-element are 
the relationship U = А • | between current | and voltage 
U referred to an ohmic resistance R, 

or the relationship F = m'* a between acceleration a an 
force F at an accelerated mass m, 

or the ideal amplifier with resistance circuit (refer to 
appendix for explanation). 
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or: Hydraulic motor 
The angle of rotation of a motor shaft depends on the 
angular velocity о. ____ тели nn 





or: Spindle drive 
Conversion of a spindle speed n into linear motion. 





Fig. 17 Amplifier with resistance circuit 


The stepped change in the output voltage Us corres- 
ponds to a stepped change in the input voltage U,. 


The output voltage is 


with amplification Fig. 20 











| 
| | у | 


at constant spindle speed n the stroke 5 is 










i.e. linear increase in stroke with respect to time. 


Fig. 18 


Integral Element (l-element) 
Linear increase of the output signal with respect to 
time. 


Also in this case, K is termed the transfer constant or 
the amplification factor of the l-element. 








Fig. 19 Symbol of the l-element 


Example of the effects of the l-element: Hydraulic 
cylinder 
Stroke s moved depends on the oil flow О 
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zz a ————————————————— 


Differential Element (D-element) 





The value of the output signa! depends on the change 
in velocity of the input signal. 





Dead Time Element 


The amount of material at the beginning of belt is Хь, is 
equal to the amount discharged at the end of the belt, 
X4. At the time t, the quantity at the start of the belt is 
Хек), the time T, = Vv elapses until this quantity is con- 
veyed to the end of the belt. 


At time t therefore, at the end of the belt is the quantity 





which was earlier at the beginning of the belt at time Т; 
i.e. at time (t - T4) 


Therefore 
Ic= C - dUc/dt 





Examples of the D-element are the relationship U =L • I 
of the voltage U with respect to the input current | of an 
inductance, or the charging current i of a capacitor, de- 
pendent on the capacitance C, and the applied voltage 
Uc or the relationship F = m * v (v=a) i.e. the depen- 
dence of force F on velocity v. 





Fig. 25 e.g. Conveyor belt 
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Proportional element with 151 order decele- The final value K is reached only after a time delay. The 
ration P - T4-element dynamic effect of the P-T4-element is in a delay of Xet). 





Fig. 28 Symbol for a P-T,-element 





The tangent for the stepped response at t = 0 assumes 
the final value K at the time | = T. 


T is therefore referred to as the "time constant" of the P- 





Fig. 26 Example of a P-T1-element 


The outer forces F and the velocity-proportional fluid Ty-element. 
friction А * v act on the mass m. The time constant T determines the rate of rise. 
Therefore Proportional element with 2nd order decele- 


ration P-T5-element 





The P-T2-element is defined by the equation 


The constant T is also termed the time constant, the 
dimensionless number D represents the damping, and 
K is the transfer constant of the P-To-element. 


Helationship between the force F and the displace- 
ment X of the mechanical system (Fig. 29). 





Fig. 27 Response of the P-T,-element to stepped 
input 





Cz Spring constant 
. . Re Velocity-proportional — 
Ке In BREAD : 
F= Force 








Fig. 29 Example of a P-T»-element 
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Stepped response of P-T,-element 








Fig. 32 Symbol for the P-T2-element 


Fig. 30 


If D > 1 aperoidic borderline case applies(Fig. 30). 





Fig. 31 


For D « 1 the stepped response takes the form of of a 
damped oscillation. 


Its frequency is 





wo= 1/T 





This is termed the periodical case so that the P-To- 
element is also referred to as an oscillation element. 


-Fhe-symbol, applicable for-all- cases; of ће P-T»-ele- 
ment is derived from this stepped response. 
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Summary 
of the Elementary Transfer Elements 


P element 


P-T, element 


P-T5 element 


| element X,= KJ X,(t) dt 


D element 


T, element Xam= K • X, (ЕТ) 


Fig. 33 Elementary transfer elements 


As already mentioned in the introduction, the main task 


of a d loop control is to eliminate the effects of the 
ables on the control variable 


In the case of changes in the signal value, this arrange- 
ment is, however, also capable of compensating the ac- 
tual value of the control variable with respect to the new 
signal value. 


The closed loop control therefore has two tasks: 
a) Compensation of interfering variables 
b) Following the control of the input variable. 


Influencing the control variable after a change in the in- 
put or interfering variable generally requires a certain 
period of time (refer to transfer function). If the inter- 
fering variable undergoes a stepped increase, the 
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closed loop control responds by readjustment of the 
control се This ауып takes place with a delay | ir- 





tem. 


For example, moment of interia and friction are of impor- 
tance in a mechanical system, while signal conversion 
times (capacitors etc) are present in electrical systems. 
The progression of the control variable with time is, 
however of decisive significance for the characteristic 
of the closed loop control. 


For example, the system can begin to oscillate if at- 
tempts are made to keep this delay as short as possible 
is allowing the controller to intervene to a great extent 
in the case of changes in interfering variables. 








From Open Loop Control to the Closed Loop Control Circuit 


lf any initial oscillation is self damping, then the closed 
loop control circuit is considered as being stable. If the 
oscillation does not abate, i.e. the closed loop control 
circuit=consiantly—oscillates;—then— the closed-loop 
control is referred to as being unstable. If the closed 
loop control is stable, it must also maintain the control 
difference below a preset value (within a tolerance 
band). 

These requirements with regard to stability and 
maintaining preset control differences represent 
absolutely essential requirements which a closed loop 
control circuit must meet. 

Even further demands are often placed on a closed 
loop control. 

For example, the settling time after a change in the 
input variable, or a disturbance variable, may have to be 
performed within a certain time. 

These requirements are by no means the automatic 
outcome of adding arbitrary measuring or comparison 
devices to the machine, and control loop. 

The closed loop control circuit would almost certainly, 
be either unstable, extremely inaccurate or very slow. 

To ensure the closed loop control circuit can meet 
specific requirements, particular fundamentals must be 
taken into consideration, particularly the selection of 
the controller itself. 


An accurate description of the dynamic characteristic of 
all elements in a closed loop control circuit is necessary 
to facilitate correct selection of the controller. 


At this point, we will not discuss the many stability crite- 
ria but rather we refer to the relevant literature on the 
subject of closed loop control technology. 

Reference is, however, made to general assignment of 
suitable controllers to given controlled systems. 


As shown in Fig. 34, with regard to their time charac- 
teristic, it must be possible to adapt the controllers to 
the relevant controlled system in order to produce 
stable closed loop control circuits. For this reason, con- 
trollers are necessary with varying time characteristics. 


Note to Fig. 34: 


Control signifies: 
Used for change in control variable. 


Interference signifies: 
Used to compensate interfering variables. 


Slightly 
Not applicable poorer Not applicable | Not 
thanPI applicable 


Slightly 
poorer Not applicable 
than PID 


Poorer 
than Pl 


Not applicable 


Not | Роогег 
suitable than PID 


| Interference 
delay time at 
delay time 


Not Control at 
suitable 


Not Poorer Slightly 


; poorer 
suitablet than PID than PID 


Not 
suitable 


Control f Notapplicable 1 Interference - 
(without unstable (without 
delay) structure | delay) 





Fig. 34 Selection of a suitable controller for a given controlled system 
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Summary 
of Applicable Controller Functions 


The controllers represented in the following can. be 
achieved by the corresponding connection of an opera- 
tional amplifier. 


P-controller (proportional closed loop control charac- 
teristic) 





Fig. 35 


Proportional control characteristic means that the out- 
put value U, and input value Ug are proportional to 
each other. 


The circuit shown above can be represented by the 
formular 





R4/Ro = Amplification factor = Kp 


The response of a closed loop amplifier to a stepped in- 
put is used to determine its characteristic. This refers to 
the progression with time of the output voltage UA 
when the input voltage Ug is stepped from zero to a set 
value. 


Fig. 36 Step response of P-controller 
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The P-controller therefore responds to a stepped 
change in the input variable with a stepped change in 
the output variable (controlled variable). 

Advantages of the P-controller 

- Uncomplicated design 

- Easy adjustment 

- Fastresponse to change in control variable 


Disadvant fthe P-controller 


Basically, the control variable can never equal the input 
variable with a P-controller. A remaining closed loop 
error dependent on the amplification factor must always 
be accepted. 


This is due to the fact that the function of the P-control- 
ler requires a closed loop error. 






Fig. 37 P-controller represented as a block symbol 
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i-Controller 





Fig. 39 /-controller represented as a block symbol 


A controller with an integrating function produces the 
time integral of the input variable. 


Characterized by the integration time constant 
The integral time constant gives the time required by 


the integrator to achieve an output voltage U, witha 
stepped input voltage U, at the input. 





or their reciprocal 





The input voltage Џе is the closed loop difference 
W-X=Xy. 


The output voltage is the positioning variable 





The output signal is inverted if required by the circuit. 


A voltage step at the input produces a linear change 
with respect to time in the output voltage. 


A particular feature of an l-element is therefore that the 
output variable changes for as long as the input va- 
riable is not equal to zero. The output voltage remains 
at the value achieved when the input voltage rests at 
zero (Fig. 41). 





Fig. 40 





Fig. 41 Time diagram of an l-controller 


Compared to the P-controiler, the positioning variable 
generated by the I-controller is not proportional to the 
closed loop error, but rather the change with time in 
the positioning variable is proportional to the closed 
loop error. 


In principle, the integral controller completely elimina- 
tes all closed loop errors since in time even the smal- 
lest input signal increases to become a large output 
signal. 

This advantage, the elimination of closed loop errors, 
must be offset by certain disadvantages . 


As can be seen from the time diagram of the I-control- 
ler, the-response is relatively-slow-to-a change in t e 
control variable. This results in long positioning times 
and considerable overshoot of the closed loop control 
variable can occur. 
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Pi-Controller 


\ 
4 





Fig. 43Р/ controller represented as block symbol 





In-the-Pl-controller- (proportional-integral- controller), the 
advantageous characteristics of the P-controller (fast 
response) are combined with those of the |- controller 
(accuracy). 








The Pl-controller is characterized by the constants Kp 
and Кү as well as the resetting time Tp. 


The delay in setting time is the time (T4), taken by the 
integral part, to produce the same output as the propo- 


rtional part (which would be produced instantaneous- 
ly), for the same change in signal input. 

In other words: 

The characteristic of the Pl-controller, is the same as 
that of an I-controller, but with its effect "moved forward 
in time" by the settling time Т, (Fig. 44). 

. Thie controller is mainly used in applications where the 
proportional share compensates an interfering variable 
quickly yet not so accurately, while the integral compo- 
nent ensures exact and full correction. 





Fig. 45a Characteristics of a D controller 


' D-controller 
The differential controller responds to the change in Normally, this controller is only used in conjunction with 
speed of the closed loop error (AXw/A). other controllers. 


This controller is therefore not tested with a stepped 
input signal but rather with a ramp input signal. 


A characteristic feature is the differentiation time cons- 
tant Tp or the controller constant Kp. 
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PD-T,-Controller 


Ху * Kp* Ty/T4 





Fig. 47 PD controller represented as block symbol 


The time delay Т = С • R4 delays the output signal and 
limits it at time t= 010: 

Xw ы Кр * Ty/T4. 

(Кр= (А; + R2)/Ro; Ту= [R4 * R2/(R4 + R)] * C) 

If a PD controller without a time delay is tested with a 
ramp function input, the advance time Ty can be deter- 
mined. 


Xw Кр= P-part 


Xw * Кр= D-part 





Fig. 47a Characteristics of a PD controller 


The advance time Ty, is the time required by the P part, 
to achieve the value of output signal of the D part at the 
time point t= 0. 

A differential stage in the proportional controller accele- 
rates the control-process since the rate of change іп 
the closed loop error also influences the output signal. 


However, the PD-controller does have a static closed 
loop error. 





PID-T,-Controller 





Fig. 48 

The PID-controller represents a combination of all 
three types of controllers. 

Added to the good dynamic properties of the PD-con- 
troller, is the fact that the static closed loop error disap- 
pears. 

Such a controller with variable controller constants can 
be adapted to any controlled system. 


Xw-Kp-Ty/Tı 





Fig. 49 


Initially, positioning variable changes by an amount de- 
pendent on the change in velocity of the input variable 
dx,q/dt (D-component). After the approach time has 
elapsed, the positioning variable returns to a value cor- 
responding to the proportional range and then chan- 
ges corresponding to the value of the I-component. 


Kp=( Ry + Ro)/Ro 
Tn= H4 ы Cy 
Ту= Н2* C2 


T42 R4* Сб» — damping time constant 
R3= Damping resistance (see PD-controller) 
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Closed Loop Position Control, Motor Drive 








Closed loop control unit Servo valve Hydraulic motor Mechanical 
! transmission 


elements 


Position measuring system 





Fig. 50 Block diagram of a position-controlled motor 
drive 


Transmission Characteristic of the Individual 
Closed Loop Control Elements 


The.servo.valve and the loaded. servo motor are-con- 
sidered as 2nd order systems connected in series (pro- 
portional element with 2nd order delay, PTo-elements). 


Due to the integration during the transition from angu- 
lar velocity to angle of rotation, the controlled system is 
considered as a 5th order system (by means of multipli- 
cation of the frequency response equations of the indi- 
vidual elements. Refer to relevant literature on closed 
loop control technology) 


The controller which is selected, is a PID-controller cor- 
responding to the selection criteria of a controlled sys- 
tem Fig. 34. 


The position measuring system is considered as a P- 
element without delay, i.e. it responds to a change in 
the input variable without delay. 


The hydraulic motor has proportional transition charac- 
teristics referred to the angular velocity and integral cha- 
racteristics referred to the angle of rotation. 
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Closed Loop Position Control, Cylinder Drive 


|— Closed loop.control un 


—— € MÀ 


Position measuring system 





Fig. 51 Block diagram of a position-controlled cylinder 
drive 


Transmission Characteristics of the Individual 
Closed Loop Control Elements 


The servo valve and the cylinder are once again consi- 
dered as 2nd order systems connected in series. 


In this case, the integration represents the transition 
from the velocity of the cylinder to the stroke. 


Also in this case, a 5th order system results, described 
in more detail on Page J4. 


It can be seen that the two block diagrams are almost 
identical. This therefore confirms the statement made 
on Page J6 that when changing from the real technical 
system to the theoretical model, the differences dis- 
appear. 


The hydraulic cylinder shows a proportional transition 
characteristic referred to the travel speed and an inte- 
gral transition characteristic referred to the cylinder 
stroke. 
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Closed Loop Positional Control 
(Closed Loop Following Control Circuit) 






Signal value 
| potentio- 
meter 













| 

| 
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Start 








Ramp 


generator RA1 Servo amplifier SR2 





Fig. 52 Example of a closed loop position control circuit 


Both the position of the cylinder and the travel speed 
can be controlled with this circuit. 


Signal Flow |__ Set position 


A start signal switches the position signal value to the 
ramp generator. Over the set ramp time, the output 
signal of the ramp generator increases from 0 Volt to 
the voltage value setatthe signatvalue potentiometer. 


The set ramp time therefore corresponds to the signal 
processing speed. 


mm) 


Distance s 


t 
Ramp time 
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Closed Loop Speed Control 
(Closed Loop Velocity Control) 
with integration of Interfering Variables 


— [SS SS 


Tacho — 
generator 






Universal card UK2 


үү 
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Proportional dir. 
valve 4 WRE 


Speed 
signal 
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g o——] Ramp Inverter Summator Power 
Start generator RA 1 amplifier 


Fig. 54 Example of a closed loop speed control circuit 


The start signal switches the set speed signal to the 
ramp generator. 


The signal value at the output of the ramp generator in- 
creases corresponding to the set ramp time. 


This signal is routed directly to the power amplifier via 
the inverter and summator so that the valve is directly 
controlled by this signal value. At the same time, the 
signal value is compared with the control variable (mo- 
mentary actual speed) and the difference is fed to the 
actual controller. 


The positioning signal of the controller is fed to the sum- 
mator where it influences the positioning signal which is 
routed to the power amplifier and in turn to the servo 
valve. 


This circuit can result in higher dynamics in the closed 
loop control since the actual controller need only be ac- 
tive in the case of a signal/feedback difference. 
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Closed Loop Velocity Control 


Only closed loop velocity control is possible with the 
system shownin Fig. 56. 


A definitive position cannot be assumed. 
Signal Sequence 


The start signal switches the velocity signal set at the 
signal value potentiometer to the ramp generator RA to 
act as the input singal. The ramp generator increases 
its output signal corresponding to the set ramp time 
from 0 V to the signal value applied at the input. The 
ramp time is the measure for acceleration. 


The output signal of the ramp generator is directed to 
the servo amplifier. The velocity of the cylinder is re- 
corded by means of a velocity sensor. The velocity sig- 
nal is adapted to the signal value by a matching ampli- 
fier, which is also contained on the ramp generator 
card. 


The input signal is normally in the range 0 - 10 V. Adap- 
tation of the actual value therefore means that the ac- 
tual value signal is also 10 V at the maximum required 
velocity. 


This matched actual value signal is also directed to the 
servo amplifier. 


Signal value/actual value comparison takes place in the 
servo amplifier. The closed loop difference xw is routed 
to the Pl-controller which generates the positioning 
signal y to directly actuate the servo valve such that the 
actual velocity is regulated to the set velocity . 


The Pl-controller changes it output voltage until the set 
value/actual value difference is zero. (See Pl-controller, 
Page H16). 


To prevent the Pl-controller from drifting or to ensure 
the capacitor is not charged during the start, the 




















Fig. 55 Circuit for "clearing" the PI regulator 
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controller is "cleared" by the start signal via a switching 
amplifier. 


The Pl-controller has its normal closed loop control 
function when the relay di is energized. On the other 
hand, if the relay d1 is de-energized, the feedback of 
the operational amplifier is short-circuited so that the 
output signal y equals zero (since the amplification is 
equal to zero). 


Clearing therefore means energization of relay d1. 


The controller is cleared by a switching amplifier (1) de- 
pendent on the applied signal value. The switching am- 
plifier is set such that the controller assumes its closed 
loop control function at a signal value of approx. 
100mV. 


As an additional circuit, a second switching amplifier (2) 
is shown here which influences the clearing of the con- 
troller depending on the actual velocity value. 


If, for example, the velocity signal is stepped to zero, 
the switching amplifier coupled to the signal value de- 
energizes. The control! function is, how ever, retained 
by the second switching amplifier coupled to the actual 
value, so that the movement of the cylinder corres- 
ponding to the control characteristic can be continued 
to the null condition. 
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Fig. 56 Example of a closed loop velocity control circuit 
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Closed Loop Pressure Control 


v-signal 


| Ramp generator 
Start RA 1 





circuit 


The block diagram of the closed loop control circuit is 
similar to the previous block diagrams so the the signal 
sequence will not be described in this case. 


General information on the closed-loop pres- 
sure control-with-a-directional servo valve 


The valve operates about its neutral point provided dis- 
turbing flow is not required. The possible loop gain is 
therefore determined by the servo valve. 


The characteristics of the oil volume under compres- 
sion also has an influence on the system, which 
means, that the time constant T must be considered. 


Estimation of the possible loop gain 
The critical loop gain is almost proportional to the pro- 
duct 


Dy = Damping factor of the valve 

wy = Natural frequency of the valve (l/s) 
(frequency at -90^ phase offset) 

T. .2. Time constant of the pressure volume 
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Servo amplifier SR 


Fig. 57 Example of a closed loop pressure control 


Matching 
amplifier RA 1 


Pressure 
transducer 


EI 7 


Pi-controller 


Voltage/current 
converter 





If the amplitude drop of the маме at the natural frequen- 
cy (-90°) is defined as Ay (specified in dB (decibel) 





resulting in the degree of damping Dy 





The time constant T can be expressed as: 


V = Oil volume which is to be compressed 
E  -Modulus of elasticity of oil (1.4 1 07 [N/cm2] 
Кра = Pressure/flow gain of the valve 


The optimum loop gain is therefore 
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Equipment for Implementing 
the Closed Loop Control Circuit 


Universal electronic cards have been developed to 
achieve the various closed loop control circuits by rela- 
tively simple means. 


Any analogue closed loop control circuit can be pro- 
duced by correctly linking these pc boards. 


This is also indicated in the individua! examples of 
closed-loop control circuits in the block diagrams 


Fig. 52 Closed loop positional control circuit 
Fig. 54 Closed loop speed control circuit 
Fig. 56 Closed loop velocity control circuit 
Fig. 57 Closed loop pressure control circuit. 
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From Open Loop Control to the Closed Loop Control Circuit 





1 Servo Amplifier 


Servo amplifiers are used to actuate servo valves or pro- 
portional valves with servo valve pilot control. 


Its primary function is to amplify an analogue input sig- 
nal (signal value, positioning variable) such that the ser- 
vo valve can be actuated with the output signal (e.g. am- 
plification 1 mA : 60 mA). 





Fig. 58 Servo amplifier Type SR 1 


Amplifiers are separated into.application.areas. 


Servo amplifier SR1 
For servo valves or proportional valves with a servo val- 


ve acting as the pilot and electrical positional feedback 
of the main spool. The output current is Imax +60 тА. 


servo amplifier SR2 
For servo valves without electrical feedback. The out- 


put current is | „аду +60 mA. 
The valves are equipped with the flapper jet system 
which utilises the maximum output current of +60 mA. 


servo amplifier SR3 


For servo valves or proportional valves with a servo 
valve acting as the pilot and electrical positional feed- 
back of the main spool. The output current is Imax 
+700 mA. 


servo amplifier SR4 
For servo valves without electrical feedback. The out- 


put current is Inax £700 mA. 


These two amplifiers with Imax +700 mA for actuation of 
stage torque motor for direct operation of a valve spool. 
The design of the servo amplifier is shown in the block 
diagram (Fig. 60). 

A smoothed DC voltage (1) of +(20 to 28)V is neces- 
sary as the supply. 
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The power supply unit NE 1 S 30 can be used for this 
purpose. The output voltage is +22 to 30 V smoothed, 
the supply voltlage 220V/50-60 Hz or 110V/50-60 Hz. 


Fig. 59 Power supply unit Type NE 1 S 30 


A stabilized voltage (2) of +15 V is then produced from 
the supply voltage on the amplifier card itself. 


This voltage is used for: 


- the supply of external consumers such as potentio- 
meters (tapping point at 12c (+15 V) and at 22c (-15 V) 


as well as 
- the supply of the internal operational amplifiers. 
Two basic function groups should be considered 


a) the control for the servo valve with the output stage 
(4) and the PD-controller (3). 


In the version without electrical feedback (SR2 and 
SR4), the signal value is routed directly to the PD-con- 
troller (3). 


If the card is used for valves with electrical feedback (5), 
then the PD-controller is used for the closed loop posi- 
tional control circuit of the valve itself. The inductive po- 
sitional transducer signals the position of the valve 
spool. An oscillator/demodulator (5) provides the AC 
voltage supply and also re-converts the signal feed- 
back. The positional transducer produces an AC signal 
varying in amplitude, dependent on the position of the 
valve spool. The demodulator (5) converts this AC sig- 
nal into a corresponding DC signal. 

(See page D7). 


The position controller (3) of the valve now compares 
ng the signal value at 28a (optionaily at 30a) with the signal | 


fedback from the valve spool (measurable at test soc- 
ket (2) or terminal 32a). Depending on the difference 
between the signal value and feedback the output 
stage (4) receives from the controller (3) a correson- 
ding signal which it converts into a proportional valve 
current. 


The signal from the output stage (4) can for example, 
be switched to contacts at (7) and relay K2 dependent 
on the system pressure. This is of practical use to 
prevent destruction of the flapper jet system in the 
servo valve. 
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Fig. 60 Block diagram of the servo amplifier Type SH 1 S 30 
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From Open Loop Control to the Closed Loop Control Circuit 


There is a risk of serious damage to the flapper jet sys- 
tem when the servo valve is actuated without system 
pressure being applied. For this reason, it is good prac- 
tice to-enable the-servo маме ђу теапз of a pressure 
switch in the hydraulic system via input 6a. 


Other system-dependent connections can be linked to 
this input. 

A constant dither current (20 mAss) at constant fre- 
quency (480 Hz) and amplitude is superimposed upon 
the valve current by the oscillator (8). 


In this way, the hysteresis is decreased and the stability 
as well as the response sensitivity of the valve increas- 
ed. 


The measuring instrument (9) on the front panel of the 
amplifier indicates the valve current. 


b) A second controller (PID) (10) for a superimposed 
closed loop control circuit. The pc boards can be equip- 
ped in this manner on request. By suitable circuitry, the 
control characteristic is achieved as required by the 
control functions. 


Functional sequence in short: The PID-controller (10) 
compares the signal value applied at 30c (e.g. velocity 
signal) with the actual value (feedback) applied at 28c 
(e.g. velocity signal). Depending on the difference, the 
controller (а! -З2а) ргодисез а согезропата signal 
voltage. This signal must now be directed via 28a of the 
control for the servo valve. 


K1 is used to switch clear the controller (10) selected at 
terminal 2a. 


2 Universal Board (UK2) 


This board is used to build up any operational circuits. 
It is equipped with 3 double operational amplifiers and 
5 potentiometers, for setting the various neutral points. 





Fig. 61 Universal board UK2 
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The following functions can be produced: 


Various 


controllers 





Fig. 62 


Inverter 





Summator 








Fig. 66 


Circuitry to suit individual requirements is achieved by 
soldered bridges etc. 


The power supply of the card and therefore of the 6 
operational amplifiers (3 x double operational ampli- 
fiers) must be provided by a stabilized voltage of +15 V. 
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Fig. 67 Terminal connections of the universal card UK 2 S 30 
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From Open Loop Control to the Closed Loop Control Circuit 





3 Card with Ramp Generator RA 1 
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=> 
P d 


Fig. 68 Hamp generator Type RA 1 S 30 


The basic component fabricated on this card is an ana- 
logue ramp generator. Corresponding to require- 
ments, one of the three ramp time ranges: 

0.01 -0.1s 

0.1-1s 

1-10s 

can.be.selected at.a voltage change.of 10. V. The-ramp 
times for "up" and "down" can be individually adjusted 


at the potentiometers P1 and P2. The ramp time can 
also be set via external potentiometers. 


In addition to this ramp generator, the card also con- 
tains 5 further operational amplifiers for use as requir- 
can be used to realize: 


2 controllers (P, PI or PID) 

1 inverter 

2 switching amplifiers with individually adjustable 
switching points. 
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Fig. 69 Terminal connections of the ramp generator RA 1 5 30 


From Open Loop Control to the Closed Loop Control Circuit 


In addition to the cards already described, there is of | 
course a wide variety of standard cards still available 
used for processing analogue signals. 


Limiting amplifier BG 1 





LTUR pe ra T 


Fig. 70 Limiter Type BG 1 S 30 





Fig. 71 





Basically 2 functions can be realized with the limiting 
amplifier: 

Limiting and Switching Amplifier 
The-individualfunctions-can-be subdivided-as-follows: 

1.) Limitation of analogue signals 


This makes it possible (depending on the circuitry) to 
achieve unipolar or bipolar limiting functions. 


2.) When the set values are exceeded, differential 
signals can be evaluated as a fault which depending on 
the circuitry can switch the amplifier positive or 

negative. 


3.) Switching amplifier for absolute signal detection 


The inouts E1 and E2 have a summator function where 
the absolute value or the inverted absolute value (de- 
— -pending-on-circuit)is-compared-wi с я 
ing point. 





4.) The signals can be stored or cleared by reset, as 
required. 
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Fig. 72 Connection assignments of the limiter Type BG 1 S 30 
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From Open Loop Control to the Closed Loop Control Circuit 


CO SEES 


Determination of Measured Values 


A particularly important point in a closed loop control 
circuit is the determination of the measured value, i.e. 
the actual value. 


It is obvious that a system cannot be more accurate 
than the determination of the actual value. (Feedback). 
Measuring equipment should therefore be more accu- 
rate by a factor of 10 than the required accuracy of the 
system. 


With regard to the obtainable degree of accuracy, the 
behaviour of the controlled system (dead time) must of 
course also be taken into consideration. 


Ee 








ee 


re 





Wiper 


= SE of measured distance 

Uo = Applied voltage (e.g. 10V) 

Ux = Derived voltage Uy/Up = XL 
X = Distance to be measured X= Ux ° L/Ug 
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Fig. 73 


Digital:—Definition—_of-measured—values—by—means—of 
unit steps defined by numbers 

Analogue: Representation of a measured value in 
the form of a different analogue (relative) variable (e.g. 
voltage) 


Digital 
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The measured value сап be determined by digital 
means (figures) or analogue means (relative). 


The definitions are explained with the aid of a position 
measurement example: 





Se 


Digital 






Further differentiation must be made-between incre- 
mental and absolute measurement. 
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Incremental: Increments are added or subtracted 
from a variable. 


Absolute: Direct representation of a variable, in digi- 
tal-absolute coded form (i.e. coded. by symbols). 


1 Position Measurement 
1.1 Longitudinal Potentiometer Wire-wound 


The distance is measured directly as an analogue va- 
riable in the form of voltage. The voltage signal is most- 
ly between +10 V = 20 V. The smallest usable signal is 
20 mV. This, however, depends on the quality of the 
voltage supply, i.e. on the fluctuations which may occur 
so that in most cases 30 ... 50 mV can be considered 
as a useful signal. 


Measured length: up to 500 mm 


Example of measuring accuracy: 500 mm = 20 V 
— minimum measured length 

X = 500 (mm) • 0.02 (V) / 20 (V) 

X = 0.5 mm 


1.2 Conductive Plastic Potentiometer 


This is a positional transducer with resistor and a collec- 
tor line made of conductive plastic (analogue measure- 
ment). 


Measured length: up to 1000 mm 
Hesolution: 0.01 mm 


Also in this case, the degree of accuracy which can be 
obtained depends on the useful signal as described in 
1.1. The advantages of this positional transducer are 
the low wear and the improved signal resolution (no 
winding jumps). 


1.3 Inductive Positional Transducer (contactless) 


In this measuring system, a moveable round bar made 
of magnetic soft steel is moved in a coil or in a coil 


System. The inductance of the mea- 
suring coil changes corresponding 
to the distance travel. 

Measurement is carried out with alter- 
nating current in a bridge circuit. 
(Also see description of inductive po- 
sitional transducers, Page D7). 


Fig. 76 Glass scale 


Miniature lamp 





Differential coils with an immersed core (Fig. 75) are 
suitable for measuring extremely small differences. 


The sensitivity in this case is approx. 2 um. 





Fig. 75 


1.4 Glass Scale 
(NC length measuring system, photoelectric) 


Measurement is digital-incremental in that grid type 
graduations on a scale are scanned photoelectrically 
(Fig. 76). 


The photo elements generate periodical, almost sinus- 
oidal signals as the scale moves relative to the scan- 
ning unit. The signals are evaluated in electronic cir- 
cuitry. 


Since, after the measuring system is switched off or in 
the case of power failure, the assignment of the mea- 
sured value to the position is generally lost, the scale 
additionally features one or several reference marks. 
An additional signal (reference signal) is generated 
when passing over such a reference mark. 

Measured length: 10 mm to 30 m (depending on sys- 
tem) 

Accuracy: +1 um to +10 um (dependent on system) 


Condensor Glass scale 


Reference mark | —Scannmgplate—Silicon —— — 


— —— — scanning ана = Pheteelements — 
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1.5 Inductive Positional Transducer, 
Integrated in Hydraulic Cylinder 


This positional measuring system is incorporated in the 
pressure chamber of a hydraulic cylinder. 





Fig. 77 


Measured length up to 1000 mm are possible depend- 
ing on the type of cylinder and piston diameter. 
Voltage supply: 2 to 5 V. 


1.6 Ultrasonic Positional Transducer, 
Integrated in Hydraulic Cylinder 


The measured, absolute value (distance) can be deter- 
mined as often as necessary without it being corrupted 
by interruptions in operation, mains failure or other mal- 
functions. 














Fig. 78 
The required positioning accuracy is in this case defin- 
ed by the type of output signal: 

- Analogue: 0 to 10 V DC 

- Digital: Resolution 0.1 mm 

Measured length up to 2500 mm. 
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1.7 Laser Measuring System 


This measuring system is "proximity systems"used to 
determine workpiece dimensions or edge positions. 


A transmitter generates a narrow band of laser light 
which is concentrated towards a detector in the re- 
ceiver. Since this band of light consists of a fine, paral- 
lel beam, a workpiece placed in the measuring field 
throws a shadow related to a time base. The receiver 
determines the timed distances between the edges of 
the shadow and transfers these data to the micropro- 
cessor evaluator which in turn determines the work- 
piece dimensions. 











Application examples of this measuring system: 
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Fig. 79 Measuring the distance between rollers 





referred to a reference edge 


Measuring accuracy: as of +0.25 um 


Measures absolute size and deviation from nominal 
size. 


1.8 Wire Strain Gauge 


Wire strain gauges are sensors in which the length and 
cross section of a wire or film change as the strain load 
changes with the resistance also changing as a result. 
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Fig. 81 Metal film measuring gauge 


Normal wire strain gauge length are 3...60 mm. They 
can be used to measure changes in length of up to +5 
0/00 of their length. 


1.9 Angle Encoder, Shaft Encoder 


Position measurement is also possible with an angle 
encoder. The distance is represented as an angle by 
means of a rack and pinion, spindle and nut or measur- 
ing disc. Theoretically, the distance to be measured is 
unlimited. 


2 Angle Measurement 
2.1 Rotation Potentiometer 


The angle of rotation is represented as an analogue 
variable (voltage). The potentiometer can be wire- 
wound or a conductive plastic resistor. 


The effective angle is up to approx. 3509, the maxi- 
mum displacement velocity is up to 10000 rev/min. 


The potentiometer receives a supply of +10 V (prefer- 
rably from the output of an operational amplifier). 


Minimum angle: w= 350° • 0.02 V/20 V = 0.359 
(with the smallest signal which can evaluated of 20 mV). 


2.2 Incremental Angle Encoder 


An incremental angle encoder generates a certain num- 
ber of pulses per revolution. The number of pulses is a 
measure for the distance covered (angle or linear dis- 
tance). 


A code disc is mounted on a shaft. It is subdivided into 
individual segments which are alternately transparent 
and non transparent. The segments are scanned by in- 
frared photo cells. 


since incremental angle encoders produce pulses con- 
tinuously irrespective of the number of revolutions, 
large distances can be recorded without any problems. 


Supply voltage: normally + 5 V DC 
Minimum step: 10 um 


2.3 Digital Absolute Angle Encoders (Digitizers) 


Digitizers can be used in measuring and open loop 
control systems in which angular and linear displace- 
ment is to be measured. In such a system, the digitizer 
converts the rotary motion into electrical signals which 
are used for display or control purposes. Minimum step 
10 um. 


Basically measurements may be analogue or digital. 
The resolution of an analogue system is generally limit- 
ed to 1073 or 1074 of the measuring range, whereas 
digital. measuring-systems-achieve-a-much-higher-mea- 
suring accuracy. Furthermore, the result produced by 
he-digital'systems cefinitive-anc may easily facilitating 
further processing. 


In this conjunction, a differentiation is made between 
two types of digitizers: Incremental and absolute. in- 
cremental digitizers (pulse generators) generate perio- 
dical signals and to form a measured value they require 
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a memory (up-down counter) with the content of the 
memory defining the measuring range. Measuring 
errors, spurious external pulses and similar effects 
result in corruption of the measured value and cannot 
be corrected. When operation is interrupted or in the 
case of power failure, the memory is cleared and the 
measured value is lost. 


In- contrast to the- incremental system, absolute digiti- 
zers are designed as coded measuring systems. In this 
case, a certain value can be absolutely assigned to 
each angular increment. Read out via a scanning ele- 
ment, this value can represent a numerical value. This 
means a measured value is not generated with the aid 
of auxiliary devices but rather it is represented un- 
changed as a code pattern. This absolute value is 
made available without losing time for further proces- 
sing and as a measured value. It cannot be falsified as 
the result of interruption in operation or power failure. 
In this way, each position in a certain area (angle of 
rotation) is described with a code value which can be 
selected as often as required without the information 
content being falsified. 


The functional principle is shown in Fig. 82. A rotating 
drive shaft carries a code disc which is positioned 
opposite a stationary apperture disc. The code disc has 
light-dark fields. The signals produced by the diode as 
a light transmitter are evaluated by the phototransistor 
as receiver. Depending on the version, the resolution 
of up to 4000 signals (data items) per revolution can be 
achieved. 


Phototransistor 


Code disc ^ 


Fig. 82 


2.4 Incremental Shaft Encoder 


They are used to measure angle of rotation and angular 
velocity. 


The version with glass scale corresponds to the system 
described under 1.4 for length measurement. Depend- 
ing on the type of selected shaft encoder, a resolution 
of up to 100,000 measuring increments per revolution 
Is possible. 
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3 Velocity Measurement 
3.1 Tachogenerator 


The-tachogenerator- produces. a- voltage- dependent-on 
speed which then acts as a measure for the rotary 
speed or can be converted in conjunction with a rack 
and pinion as a traverse speed. 


Example: 
Traverse speed Vmax = 1 m/sec. 


Ratio of the tachogenerator to the cylinder: 
1 m cylinder stroke = 10 revolutions of the tachogene- 
rator 


(The ratio is selected such that the tachogenerator is 
operated within its normal range.) 


e.g. 100 V at 1000 rev/min = 16.67 rev/sec 


8t Vmax = 1 m/sec, the tachogenerator therefore 
produces an output voltage of 


U = 10 (rev/sec) / 16.67 (rev/sec) . 100 V 60 V 


3.2 Incremental Shaft Encoder 


These are also used to measure angular velocity. As 
already described in connection with position measure- 
ment under Section 1.9 (also see 2.4 and 1.4), they 
are used in conjunction with rack/pinion, spindle/nut, 
lead screw or measuring wheel for velocity measure- 
ments. The increments are evaluated per unit of time. 








3.3 Position Signal Differentiation 


A further possibility of converting the velocity into a sig- 
nal is differentiation of the position. 


The analogue position signal is issued as a velocity 


-signal-via-a-differentialelement(D-element). 


Accuracy approx. 2-3 %, referred to maximum voltage. 
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4 Pressure Measurement, 
Force Measurement 


4.1 Pressure Transducer (strain gauge) 


- inthis device, the pressure signal is transformed into 


an electrical signal by means of a form of strain gauge 
attached to a measuring element, i.e. a diaphragm. 


The measuring range is from 0 to well over 1000 bars. 
The accuracy lies in the range +0.2% to +0.5%, depen- 
dent on, and referred to, full range value. 


Basically, it is also possible to obtain indirect force mea- 
surement with any pressure measurement referred to 
an effective area, e.g. a cylinder. 


Corresponding to the frequency range (depending on 
the type of pressure pick-up, e.g. up to 500 Hz or up to 
several thousand Hz) changes in pressure and there- 
fore also pressure peaks can be measured in the ms 
range and below. 


4.2 Pressure Transducer 
with Inductive Positional Transducer 


The movement of a diaphragm bending under load, 
can also be used to operate an inductive positional 
transducer to produce an electrical signal. Movement 
of the diaphragm is proportional to the effective pres- 
sure. 


4.3 Quartz Crystal Pressure Sensor 
Piezoelectric Load Cells 


Pressure measurements with quartz crystalls are parti- 
cularly suitable for dynamic procedures, i.e. for deter- 
mining pulsation and pressure peaks. Static pressure 
measurements, on the other hand, are possible only 
over a few minutes. 


The operating principle incorporates the piezoelectric 
effect. If a force is applied to a quartz crystal in the direc- 
tion of one of its three axes, then an electrical charge is 
produced at the surface positioned vertical with res- 
pect to the axis under load. She is proportional to the 
active load. 





Fig. 83 


This voltage is now amplified and converted to a force 
or pressure value. Since the voltage follows, changes 
in force or pressure without any noticable delay, as al- 
readymentioned; these transducers are particularly sui- 
table for dynamic measurements. == | | | 
The frequency range is between 10 to 2 • 105 Hz. 
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Appendix 


The most important electronic modules which are often 
іо be found in connection with open loop controls and 
particularly in closed loop control circuits are briefly de- 
scribed in the following. 


Potentiometer 


The potentiometer is an ohmic resistor with a variable 
tapping point (wiper). If, for example, a voltage of 0 V 
and 10 V is applied to the end of the potentiometer, 
then any value between 0 to 10 V can be tapped off at 
the wiper. 


Example: 
At a setting of 60 96, a voltage of 6 V can be tapped off 
atthe wiper. 


A potentiometer is used for 


- setting a signal value 
i.e. the level of the tapped voltage corresponds to the 
required actual value as a distance, force or pressure. 


- determining an actual value 
i.e. the tapped voltage value represents a distance and 
therefore a position. 


РА ВЕЗА Ue e d 
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Operational Amplifier 

The operational amplifier is a classic example of inte- 
grated circuit technology. (IC = integrated circuit). It is a 
multi-stage analogue amplifier with an extremely high 
amplification factor and is adapted to various tasks by 
means of external circuitry. 


For example, by means of the suitable circuitry the fol- 
lowing function units can be realized: Ramp generator, 
amplifier, inverter, summator, differentiator, limiter, the 
various controllers etc. 





Fig. 85 Symbol for an operational amplifier 
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Ramp, Ramp Generator 
Ramp Generator 
The-ramp-generator-produces-a-slowly-rising-or-falling 


- output signal from a stepped input signal . The change 
with respect to time of the output signal can be adjust- 
ed with a potentiometer. The functional principle of the 
ramp generator makes use of the fact that the capacitor 
C is charged slowly so that the output signal changes at 
a slow, steady rate, in response to a stepped input 


signal. 


The rise of the output signal can be influenced with the 
variable resistor R, thereby determining the charging 
rate of the capacitor. 


The set ramp time is always referred to 100 % signal 
value (stepped input signal). 


Example: 


Set ramp time is max. 5 sec at 100 % signal value. If, for 
example, a signal value of 60 % is set then the signal 
value is reached after approx. 3 sec. 


In this way, the speed increase (acceleration) in a 
closed loop velocity control circuit or the speed in a 
closed loop position control circuit can be preset with a 
ramp generator. In a closed loop position control circuit, 
the set ramp time corresponds to the travel speed of 
the cylinder since the preset position is reached in this 
time. 


Limiter 


The applied input voltage is limited to a preset value as 
the output voltage. Limitation takes place via the two 
connections 1 (limitation of voltages smaller than zero) 
and 2 (limitation of voltages greater than zero). 

















Fig. 86 Hamp generator 





Fig. 87 Example of a limiter: Taking an input signal of Ug and an output signal of Од 


Controller 


A controller refers to a device or component which car- 
ries out the essential processing of closed loop errors. 
The controller therefore compares the signal value with 
he-actual-value-(feedback)-and- produces a-corre-- 
ponding output signal depending on the difference 
between the two values. 





Signal valug 





ae € EE | 


Output signal 


Feedback - 


Fig. 88 
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Amplifier 


= = 











The output voltage Од is changed with respect to the 
input voltage Ug by the amplification factor K. De- 
pending on the circuit, the polarity of the output vol- 
tage is usually reversed with respect to the input vol- 
tage. 


Inverter 








The inverter reverses the polarity of the input voltage. Power Amplifier 
e.g. Ue=+5V-atoutput-Ue=-5V | | | | u 
The input signal Ug is converted in the power amplifier 
or Ug--3V-atoutput-Ug = +3 М into an output current which is proportional to Ug. 
—  It-san-therefore-be-censidered-as-an-amplifier-with-an e.g--Ug-0-to 10V lin. mA-—solenoid-current. 
amplification factor of -1. 








Matching Amplifier 








With the aid of a matching amplifier, a voltage is pro- 
duced by a measuring element (e.g. max. 60 V output 
voltage of a tachogenerator at maximum speed) is 
adapted to 10 V after the matching amplifier. This 10 V 
voltage then corresponds to a certain rotational speed 
or travel speed of a cylinder. Adaptation is necessary in - 
order to further process the signal in a closed loop con- | 
trol circuit. 
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Schmitt-Trigger 


Schmitt-triggers are used as threshold value switches. 
The two diagrams for input and output signal illustrate 
their function. If ЈЕ exceeds a certain. value. (U4), then 
Ua jumps from one value to the other. Corresponding- 
ly, the output signal jumps back to the previous value 
(e.g. 0) as soon as Ug drops below a certain value (05). 


This results in two clearly defined switching points so 
that no switching takes place at intermediate values. 


For example, if oscillations occur in the signal to a sys- 
tem, then these would be eliminated. 


Input Ug | Output UA 





Fig. 93 
Summator (Adder) 


With a summator, two signals can be added correspond- 
ing to their sign. It should be noted that the resulting 
output signal is inverted. 





Inverted 
Output signal -Ug, + Ug; 
Input signal Ug, 


Input signal Ug» 
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The Influences of the Dynamic Characteristics of the Servo Valve 
on the Closed Loop Control Circuit 


Preface 


The following observations are intended to extend the 
understanding. of the various relationships. in. the 
closed loop control circuit and to provide aids for accu- 
rately assessing the properties which can be expected 
of a control system. 


Here, simple rules of thumb will be given instead of 
complicated mathematical considerations. 
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Closed Loop 
Positional Control Circuit 


Determining the effective loop дат "Kyopt and its in- 
fluence on the closed loop control. 


Servo amplifier 


Servo valve 


Positioning cylinder 


Positional 
— — Fs | 


Ш 
е 


ve JL 
X, X 





Fig. 1 


Usignal % AU. 


Jfeedback 


Finterference 





Fig. 2 Simplified block diagram 


The loop gain Ky is equal to the product of the amplifi- Ко =Flowamplification 
cation factors of the transfer elements in the closed Kp = Electrical amplification 
loop control circuits. K; = Proportional amplification [ПАЛМ] 


Ку = Amplification of positional transducer [V/mm] 
Кро =Pressure/flow gain (see Page НЗ) 
А =Cylinder area 


Fig. 3 shows a detailed representation of the frequen- 
cy response equation in accordance with the Laplace 
transformation. 
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\.Usignal__ 


Ufeedback 


Fig. 3 Detailed block diagram 


The valve and loaded cylinder are considered as 2nd 
order systems connected in series. The characterizing 
feature of the servo drive (cylinder) is the nominal hy- 
draulic frequency (mass/hydraulic spring). The transi- 
tion from velocity to positioning distance is represent- 
ed by the integration (1/s). 


Time Constant 
of Closed Loop Control Circuit 


The time constant is proportional to 1/K, 


Ky = Loop gain 





That is, the greater the loop gain K, the faster the sys- 
tem. 


Stiffness 


When stationary, the stiffness with respect to force in- 
terference is expressed as 


The stiffness is therefore proportional to the loop gain 
and inversely proportional to the flow amplification 


Кро 


Vg = Ром gain (cm/s) 
Vp = Pressure gain (bar) 





This represents the flow/pressure amplification of the 
valve plus a pressure-dependent leakage at the driven 
unit. An increase in the area of the positioning piston 
or of the capacity of the servo motor increases the 
stiffness proportional to the square of the increase. 





| Finterference 


Positioning Error 


Normally, less than 5 % of valve current is required in a 
closed loop control to correct a positional error due to a 
disturbing factor, or cause the last positioning move- 
ment to bring the velocity to zero. The reason is, that at 
the very latest, the full system pressure is available at 
5% signal (opening) to perform the correction (see 
pressure amplification, page F 7). 


The positioning error is therefore 


It can be seen that the loop gain should be as large as 
possible. 





The greater Kv is selected the smaller the positioning 
error and therefore the stiffer the system towards 
interfering forces. 


Vmax represents the velocity at 100 % opening of the 
servo valve. 


Consequently, it can be seen that the nominal flow of 
the servo valve Q = A * Vmay should be selected as 
small as possible. 


For stability reasons, the loop gain cannot be selected 
at will. 


If the loop gain K, is greater than a critical circuit fre- 
quency Ку стр the system will oscillate, i.e. the system 
will be unstable. 
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What is the Maximum Value of K,? 
A differentiation can be made between 2 cases: 


a) The servo valve frequency w, (frequency 
at -90° phase offset) is considerably higher 
than the natural frequency of the load о. 


In this case, the dynamics of the part system with the 
higher natural frequency can be neglected. As a result, 
the closed loop control circuit is reduced to a 3rd order 
system expressed as: 


That is Ку must be selected smaller than Ky crit- 
D = dimensionless damping factor. 


Fig. 4 shows the time ratio of such a 3rd order closed 
control loop where the relative attenuation and relative 
gain serve as parameters. The optimum value Ky opt is 
normally derived from this time ratio, i.e. from the 
stepped response. If K, is kept small at the given 
attenuation, a rather uniformly increasing stepped res- 
ponse results; if, on the other hand, Ky is extremely 
large, intense superimposed oscillation occurs. 


The quality criteria can be defined based on the pro- 
gression of this stepped response (transient res- 
ponse). The ITAE criterion (Integral of Time multiplied 
by Absolute Error) is often used: 





Stability 
limit 


relative 
damping 


-«— —— relative 
loop gain 


Fig. 4 Time ratio of a 3rd order closed loop control 


The loop gain at which this ITAE value is minimum is 
then considered as the optimum. If Kv is varied at 
constant level of damping and if the ITAE value is dis- 


tributed over the relative gain K,/a,, Fig. 5results. 
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Fig. 5 
It can be seen that for the range of typical damping 


coefficients of attenuation (0.2 < D < 0.9), the optimum 
[ТАЕ values are between K\/w,, = 0.25 and 0.35. 


This results in Rule 1 








This gain, also termed velocity gain, is the product of 
the hydraulic amplification and electrical amplification. 


b) Both Natural Frequencies are taken into 
Consideration 


This results in a 5th order system. Stability considera- 





loop gain Ky crit which are dependent on the two 
natural frequencies оу, = natural valve frequency and 
о = natural load frequency. 


The critical frequency оси is always smaller than the 
smaller of the two frequencies о, and о. 


Neglecting the attenuation factors Rule 2 is 
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The optimum loop gain is therefore 
Rule 3 


Accuracy of position and stiffness with respect to inter- 
fering forces require a high electrical amplification Кр. 


On the other hand, the hydraulic amplification should 
be selected only as large as necessary (see position- 
ing error). 

Rule 4 

Use valve with the smallest possible nominal flow. 


Normally, this is also the valve with the higher dyna- 
mics. 
Determining the Flow Frequencies 


Servo Valve 


The frequency response of the servo valve is obtained 
from the frequency response curve. 


Cylinder 





Fig. 6 Determining the natural frequency with double 
rod cylinder 


E = Modulus of elasticity of oil [kg/cm • 52] 
1.4°10/ 

Ад =Annulus area of cylinder [ста] 

Н = Cylinder stroke [cm] 

V  c-Totaloil volume [cm] 

m  -Mass [kg] 


Ver == О! volume inthe pipe on the annulus side 

of the cylinder [cm?] 
Gg -V2*E* Ag ?/(V* m) is 
V =; = М = Аң • Н/2 + Мр [cm] 


The natural frequency is minimum in the centre posi- 
tion of the cylinder. 























Fig. 7 Determining the natural frequency with single 
rod cylinder 


E = Modulus of elasticity of oil [kg/cm • 52] 
14 • 107 

Ад =Annulus area of cylinder [ста] 
Ax = Ріѕїоп area of cylinder [cm2] 
V4  =Oil volume on piston side [стт] 
Vo  =Oil volume on annulus side [cm?] 
m =Mass [kg] 
H =5іоке [cm] 
hk =Cylinder stroke at min. natural frequency [cm] 
Vik = Pipe volume on piston side [ст] 
VLp = Pipe volume on annulus side [cm] 
Wg | 2N(C4 +Co)/m 

Mj  -NE* AKTIV} • п)+ E* An*/(Vo • m) 

Мү =Ak*hk + VLK [ст] 
V2 =AR*(H-hk)+ViR [стт] 





The natural frequency is minimum in cylinder position 
hk. 


Hydraulic Motor Natural Frequency 


Gg = 22 (4/2 * t)  E(V4 * J) 


а  -Capacity [ст] 
V4 =Oil volume [cm] 
J - Moment of inertia [каст] 
E = Modulus of elasticity of oil 

1.4°10/ [kg/cm • 52] 


If the calculation of the drive shows that the accuracy ге- 
quirements are not met, the loop gain can be increas- 
ed by corresponding control circuitry. 
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The following circuits make it possible to increase the 
optimum loop gain and therefore to improve the posi- 
tioning accuracy. 


- Controller circuit as PD-controller 

- Feedback of load pressure 

- Feedback of velocity 

- An integral circuit can increase the accuracy to any 
degree, at the same time, however, requirements re- 
garding dynamics limit the I-component. 

- An increase in gain also enables an increase in damp- 
ing by means of a bypass leakage between the load 


connections. The static stiffness is, however, reduced 
as aresult. 


measuring system has for closed loop control techno- 
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Selection of Measuring System 


As already mentioned, a measuring system is neces- 
sary їп order to control a physical variable. It must be 
possible for the system to convert the relevant variable 
into an electrical signal - current or voltage. Corres- 
pondingly, devices are required to measure differen- 
ces, angles, velocity, speeds, pressure, forces, torque 
and acceleration. A number of measuring principles 
can be implemented for each of these variables. They 
are used taking into consideration the measuring 
range, accuracy requirements, service life, ambient 
conditions etc. The number of measuring elements is 
correspondingly large, making it impossible to provide 
even a general overview. 


The following is however generally applicable: 


- A closed loop control can never be more accurate 
than the measuring method. 


- [he measuring system is characterized by its transmis- 
sion factor. This is the relationship of the output vol- 
tage or current to the measured variable. 


- [he accuracy of the measuring system must be at 
least 5-times. greater than the required -accuracy-of the 
closed loop control. 


- The measuring system must be able to follow the 
changing variable without delay. 


- The transmission factor and the neutral point must re- 
main constant under all operating conditions. 


- The electrical signal must be processed such that it is 
free or can be kept free of interferences caused by 
neighbouring high power elements. 


- The coupling of the measuring system with the drive 
must be extremely stiff and free of play. 


- The measuring system must be arranged such that 
the control variable is registered directly and not falsi- 
fied by secondary effects. 


These few points clearly illustrate the significance the 


logy and for servo hydraulics. 
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Calculation Example 
50/36 x 100 stroke 





50/36x100 Stroke 


ez ја 
ХИТ 





Fig. 8 


Cylinder 50/36 x 100 stroke 


Cylinder annulus area Ад =9.45 сте | Buet | 





Mass moved m = 500kg 

Traverse time for 80 mm stroke t = 400 ms Морі = 1/3 ex ; 

Stopping force Ен = 6000 № Мор! = 325/3 = 1085 

Hydraulic Natural Frequency Time Constant 

of Cylinder/Mass System Т = 1/\/ = 1/108 5-1 =0.0092 5 
=V2+E*Apé/(vem) Possible Acceleration Time 


If the valve is mounted directly on the cylinder, the vo- Тв=5* = 50 тв 


и Selection of Servo Valve 
т = 
V=H/2 *Ap Maximum Velocity 


used in the above formular for Wo the result is 
00 = v4 • E • АвдН m) 
ор = V4 • 1.4 • 107 (kg/cm s?) • 9.45 (стё)/ 


/(10 (cm) • 500 (kg)) 
OL = 00.= 325 5 
fo = 51 Hz 


For the case that the natural vaive frequency is consi- 
derably higher than the natural frequency of the cylin- 
der/mass system, the loop gain Kv will be 





Ky<Kycit=2 О "ер (see Page J4 Caseaa) 


Fig. 9 


Vmax = S/(T ges - Tp) = 80 (mm)/(0.4 (s) - 0.050 (s)) 
Vmax = 228 (mm/s) 
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Required Flow 
О=А•у=9.45 (сте) • 22.8 (cm/s) 
© =215:5 (стУ/ 5) 
О = 13 (l/min) 
Selected: 
Servo valve with Qy = 20 l/min at Ap = 70 bar. 


Calculation of Loop Gain Taking into 
Consideration the Natural Valve Frequency 


Natural valve frequency from the frequency response 
(see Fig. 10) 
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Fig. 10 Typical freqeuency response reference curves (left) and frequency dependency of operating pressure 
(right) for servo valves with mechanical feedback 


from the Frequency Response 


Ocrit = Фу * OL/(@y + 9| ) 
осн = 534 * 325/(534 + 325) For « 30 l/min and 25 % signal 
Merit = 202 [1/5] ооо = 85 Hz at 140 bar 


| Buea | ш = 2 • T. 85 = 534 [1/5] 


Kyopt = 1/3 Merit = 202/3 = 67.3 [1/5] 
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on the Closed Loop Control Circuit 





Comparison of the two calculated loop gain factors 
shows that, in this case, the valve greatly influences 
the possible loop gain and must therefore be taken 
into consideration. 


Time Constant 
T =1/Ky = 1/67 (1/571) = 0.015 [s] 


Possible Acceleration Time 
Тв==5•1=0.075 [5] 


Selection of Servo Valve 


Maximum Velocity 





Fig. 11 


Vmax = S/(T ges - Tp) 
Vmax = 80 (mm)/(0.4 (s) - 0.075 (s)) 
Vmax = 246 (mm/s) 


Required Flow 
Q = А •м = 9.45 (сте) • 24.6 (cm/s) = 232.5 


О = 13.9[L/min] 


selected: 
Servo valve with Ору = 20 l/min at Ap = 70 bar 


[cm/s] 


Pressure Drop at Valve 

Ар = (O/QAn)“ 70 (bar) = (14/20) 2-70 =34 [bar] 
Acceleration 

атах = Ymax /Тв = 0.25 (m/s) / 0.075 (s) = 3.3 [m/s2] 
Acceleration Force 

Fg = т * атау = 500 (kg) • 3.3 (m/s?) = 1650 [N] 


Require leration Pre 
Арвтах = Fp/Ap = 1650 (№) /9.45 (cm£) = 17.4 


Pressure Requirements for Stopping Force 
Арн = 6000 (N) /9.45 (сте) = 64 


[bar] 


[bar] 


Calculating the System Pressure 
(see "Design criteria for open loop control with propor- 
tional valves", Page E20) 


рр= 2*m*v/(Tg*10* Aw) + Ap, + 
+ (For + Ев)/(10 * Aw) 


Pp = 2°500 (kg) • 0.25 (m/s)/ 
/(0.075 (5) • 10 • 9.45 (сте)) + 10 (bar) + 
+ 6000 (N)/(10 • 9.45 (cm2)) 

pp = 109 (баг) 


pp selected 110 bar 
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The Influences of the Dynamic Characteristics of the Servo Valve 


on the Closed Loop Control Circuit 





Determining the Positioning Accuracy 


Loop Gain 
Ky=KyeKoeKgeKg =67 [s^] 
Ку = Electrical amplification (still not known) 
Ko = 20 /min/10 Volt - 33 [cm?/s/Volt] 
Кз = 1/9.45 сте = 0.106 [1/cm2] 
Кд = 10 Volt/10 cm =1 [Мо ст] 
Error recognition Amplifier Servo valve Cylinder 






Xsignal 





Interface 


Fig. 12 


Calculatiorrof K1 
Кү = КИК • Ka • K4) = 67 (cm/s/cm)/ 
/(33 (стајало - e 0.106 (1/cm2) • 1 (Volt/cm)) 
К+ =19 


Following Error 

SN = Vmax/'Ky | | 
Vmax Is the maximum possible velocity when the valve 
Is open. 

SN = 250 (mm/s)/(67 (5-1) = 3.7 mm 


Positioning Accuracy 
AX <5%ofSy 


Ax <Ü.19 mm 


Error resulting from the reversal range of the servo 
valve 


How large must the error be for the servo valve to over- 
come its reversal range? 


Assumption: Ky = 0.2 % of rated signal 
Ах = Ky/(K4 1 Ка) 


Ax = 0.002 • 10 (\%)/(19 • 1 (Volt/cm)) = 0.001 ст 
AX =0.01 тт 
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at F=+3000N 


To compensate this change in load, the servo valve 
must open by a certain amount, this is caused by a 
closed loop error Ax. 

Ax =AF/(Ky *Ko* Kae Ka) 


Ко is the pressure amplification of the servo valve. 


At 1 % signal, 80 % of the pressure is applied at the 


ЯС 
0.8 * 100/0.1 (Volt) = 800 bar / Volt 
The load error is therefore 


As =3000 (N ДИ • 8000 (N/cm2/Volt) • 
• 9.45 (cmo) • 1 (Volt/cm)) 


AS = 0.0022ст= 0.022 mm 
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Chapter K 


Filtration in Hydraulic Systems 
with Servo and Proportional Valves 


Martin Reik 


Filtration in Hydraulic Systems with Servo and Proportional Valves 


Filtration of Hydraulic Oils 


Demands for increased efficiency, reduction of sucep- 


tability to faults, longer service life, as well as такта 


servo and proportional valves easy to service have lead 
to valve manufacturers and operators demanding im- 
proved filtration of the hydraulic fluid. 


Due to constant increases in performance of hydraulic 
devices, ever higher requirements are placed upon 
the control accuracy of valves. One of the ways to meet 
these requirements was to reduce the clearances bet- 
ween the housing and spool even further. 


Low pressure 
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Fig. 1 The wear process, influence of dirt particles on 
the valve seat and spool clearance 


Effect of Contamination by Solids 


General 


Dirt particles which are much larger than the fit tole- 
rance do not impair the valve. Particles which are smal- 
ler than the fit tolerance pass through the clearance 
and also do not impair the valve. 


Dirt particles which are the same size as the clearance 
tolerance are critical for the surface of the valve and 
spool. The scouring effect of these dirt particles-during 
operation results-in-new-particles- (of- valve material). 
The particles which are larger than the valve clearance 
are reduced in size by the spool movement or the flow 
of the hydraulic medium. 


The results are: Increased leakage, spool jamming, 
increased switching times, valve failure, change of 
valve characteristics. 


Without suitable filtration, a chain reaction occurs which 
results in increased dirt concentration. After a time, 
these dirt particles can block the orifice in the pilot cir- 
cuit. 


Effect of Erosion on Control Lands 


Dirt increases the load on the material at the sensitive 
lands. 


Result: Increased erosion due to flow resulting in inac- 
curate switching and control of servo and proportional 
valves (wear increases progressively). 

Contamination entering the system from the outside 
can trigger off or accelerate this development. The 
chain reaction of particle development and increase in 
particle count must be minimized or even prevented by 
using efficient system filters. 

Correct filter design and selection are reflected in 
higher efficiency of the overall system (reduction of 
downtimes) and service requirements. 


The selected filter system must ensure: 
- function and service life of the valves 
- no sudden failure of the valves 


- performance does not drop gradually due to increas- 
ing internal leakage 


- that the valve setting data does not change over the 
period of operation 


- that there is no change in the valve characteristics, 
e.g. due to jammed dirt particles. 


All too often, the hydraulic filter is neglected or even 
forgotten in the planning of a hydraulic system. The fil- 
ter is then often quickly installed during assembly of 
the system. 


For reasons of cost or space, a filter is then selected 
which is often too small and too coarse. The system 
operator is then faced with difficulties resulting from 
short service life of the filter elements (filter too small) 
or frequent failures of servo and proportional valves 
(filter too coarse) so that considerable additional costs 
are incurred. 


Contamination by Solid Particles 

in Hydraulic Systems 

A- differentiation. is. made-between-the- following types 
of contamination: 

Initial Contamination 


This type of contamination of the hydraulic oil takes 
place during installation and commissioning of hydrau- 
lic systems (dust, scale, metal swarf, weld beads, fluff, 
rust, residual packing, paint particles etc.). 
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Contamination During Operation 

Entry of dirt at the hydraulic tank through poor tank 
breathing, pipe inlet points, piston rod seals etc. The 
contamination“ rate“ greatly depends on the relevant 
application, e.g. quarries, road construction, cement 
works etc. 


Contamination Through Fresh Oil 

Fresh oil delivered by the oil supplier often has an 
impermissibly high contamination level for servo and 
proportional valves. This contamination must be 
removed by filters installed in the system. 


In systems which only have one return line filter, 
however, the "first fil" contamination can result in 
serious damage to the components even when 
flushing the system. It is therefore necessary to fill the 
system with fresh oil or to change the oil using an oil 
service unit, or via the return line filter already fitted. 


The hydraulic filter used in the service unit must have 
the same pore size of the filter element as the filter in 
the hydraulic system. 





Fig. 2 Oil service unit 


Fig. 3 Comparison table purity classes 
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Contamination Classes 
for Hydraulic Oils 


The contamination classes indicate how many particles 
of a certain particle size are contained in 100 ml of hy- 
draulic fluid. 


The contamination class is determined by counting 
and "grading" of the dirt particles. This takes place 
either with the aid of a microscope or with electronic par- 
ticle counters. In contrast to particle counting with a mi- 
croscope, counting with the electronic particle counter 
is subject to far less emotional conditions. As of a dirt 
concentration of approx. 10 mg per liter or excessive 
turbidity of the fluid, the contamination can only be de- 
termined by weight (gravimetric analysis). However, the 
individual dirt particles cannot be classified using this 
method. 


The servo and proportional valves are normally the com- 
ponents most sensitive to dirt in a hydraulic system. 
They therefore determine the overall contamination 
class of the hydraulic oil and also the necessary pore 
size of the filter element. 


Contamination Classes 


Presently, 5 classification systems (ISO 4406 or 
CETOP-RP 74H, NAS 1638, SAE, MIil- std: 1246 A) are 
available. 


As can be seen from the following table, the systems 
are comparable. 






ACFTD | 
Solid | 
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The ISO 4406 System 

In the diagram, the particle sizes are specified on the X 
axis. The particle count is entered on the Y axis and 
divided=into-the=classification-numbers—1-=-20=-The 
Straight lines entered in the diagram describe the par- 
ticle distribution in the hydraulic oil. The slope of the 
straight lines is determined by entry of the particle 
sizes of 5 um and 15 um. The straight particle distribu- 
tion curve is described by determining the classifica- 
tion number at 5 um particles and 15 um particles (see 
Fig. 4). 

The following oil purity is necessary for servo and pro- 
portional valves: 
Servo valves 13/10 (red curve) 


Proportional valves 17/14 (blue curve) 


Sampling designation 


| 
| 


| 


| 


| 
| 
| 


| 
| 


Classification number 
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Fig. 4 Structure of purity class to ISO 4406 or Cetop 
RP 70H 
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Fig. 5 Structure of purity class to NAS 1638 





NAS 1638 System 

The individual particle sizes are combined in 5 ranges. 

A maximum particle count is specified in each class for 
each range (see Fig. 5). 


Necessary oil purity: 
Servo valves 
Proportional valves 


NAS 4 to 6 (red range) 
NAS 8 to 9 (blue range) 


SAE Contamination Class 

Due to the relatively low number of contamination clas- 
ses (9 particles/ml to 580 particles/ml), this method of 
contamination classification is rarely used. 


Advantages and Disadvantages of NAS 1638 
and ISO 4406 


Advantage of NAS 1638: 
Counted particles can be immediately assigned to a 
class. 


Disadvantage of NAS 1638: 

No precise description of the actual particle distribu- 
tion. The required class can only be maintained in one 
particle size range. For this reason, the defined particle 
size range must be specified during classification to 
NAS 1638. 


Advantage of ISO 4406: 
Description of actual particle distribution. Any conta- 
mination status of the hydraulic fluid can be described. 


Disadvant fISO 44 

The evaluation method requires a great deal of time. 
Measured particle count must firstly be converted into 
an ordenal number, thereby permitting description of 
the straight distribution curves. 


RE 
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Sampling Hydraulic Fluids 

General 

- Before taking a sample, the measuring equipment 
must be thoroughly flushed with a suitable solvent. 


- Only use sampling bottles cleaned with a little clean 
solvent. 


- Remove any remaining solvent before taking a 
sample. 


- Sampling volume: min. 250 ml. 


- Before taking the actual sample, flush the sampling 
equipment with 2 | of system fluid. 


- Take 0-sample (this is not used for analysis) 


- Fill the fluid to be examined in a new, cleaned samp- 
ling flask. The sampling unit must penetrate the pro- 
tective film (do not remove film from sampling bottle). 


Types of Sampling 


- Dynamic sampling 
Sampling point: Systems in operation (turbulant flow 
must be ensured). Refer to ISO 4021. 


- Static sampling 


Sampling point: From the hydraulic tank (stationary 
system). Refer to CETOP RP 95 H, Section 3. 


dynamic 
sampling 


Statiic 


sampling A 


Arrangement of a 
contamination monitor 





Fig. 6 Types of hydraulic fluid sampling 
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Advantages and Disadvantages 
of the Types of Sampling 


- Advantage of dynamic sampling: 

The oil quality can be measured directly after the filter 
or after the valve. This enables precise definition of the 
amount of dirt fed to the valve. 


- Disadvantage of dynamic sampling: 

The sampling points must be provided as early as the 
system planning stage, all special adaptors must be 
made. Complicated sampling equipment. 


- Advantage of static sampling: 
Extremely easy sampling from hydraulic tank. 


- Disadvantage of static sampling: 
Only the oil quality in the hydraulic tank is determined, 
not directly at the valve. 


The selection of the sampling point can lead to incor- 
rect definition of the oil purity, e.g. a sample taken from 


the bottom of the tank will indicate a different degree of 
oil contamination than a sample taken at the surface. 


Multipass Test to ISO 4572 


With the aid of this test, the separation ratio and the dirt 
holding capacity of the filter element is determined. 


HY DAL: 


IT 
"EFE "ppp 
DAR [ апарп iE 
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Fig. 7 Multipass test bench 





Filtration in Hydraulic Systems with Servo and Proportional Valves 





Differential 


Flow measuring 
‚device, 





|. Tank with 
Tank with test fluid 
feed fluid 


Dirt feed system Test system 


Fig. 8 Circuit diagram of the test bench to ISO 4572 
2 hydraulic circuits are built up on the test bench. 


The test system with tank, test medium, pump, cooler/ 
heater, flow measuring device, filter with test element 
and electronic particle counters. 


The feed circuit with pump, cooler/heater, injection 
nozzle and with feed fluid. The fluid in this tank is con- 
taminated with test dirt (ACFTD). 


Before carrying out the test, both systems are cleaned 
with ultrafine filters. The test is started only when the 
specified number of dirt particles are in the test circuits. 


Test Sequence 
The feed circuit constantly feeds a small quantity of 


fluid into the main circuit. 

The contaminated test fluid is now fed to the filter ele- 
ment. Fluid tests are taken upstream and downstream 
of the test filter and counted in the electronic particle 
counter. At the same time, the differential pressure is 
measured which results from contamination of the filter 
element. 

The fx value acts as the measure for the retension rate 
at the filter element. 


Calculating the Bx Value 


The dirt particles counted before the filter element of a 
certain particle size x are divided by the dirt particles 
counted after the filter element (same particle size x, at 
same differential pressure and at the same time). The 
dimensionless number obtained represents the 
Bxvalue. 








100000 Particle > 10 ит/100 ml 
0,08 mg/l (ACFT = 10 mg/l (ACFTD) 


Numerical example 


|| 
пу: 2 „ 10 


ss 


Particle size in рт 


1000 Particle > 19 рт100 ті 





Вх= 2 = 50% degree of separation (пит.) ү 
average pore size = minimum particle retension size 


Fig. 9 Separation of dirt particles by filter elements 





Numerical Example 
Measured particle count: 


Upstream flow: 10000 particles » 3 um in 100 ml 
Downstream flow: 100 particles » 3 um in 100 ml. 


cm NZ upstream flow/NZ downstream flow = 10000/100 = 


Вз = 100 = 99 % separation (also termed degree of 
separation) 


The ßx-value describes the separation characteristic 
(degree of efficiency) of a filter element. The advan- 
tage lies in the fact that the range between 90 % and 
100 96 degree of separation can be considerably wide 
spread. 


Dimensionless Вх-уаіиеѕ can be converted at any time 
into a 9e-value of the degree of separation (see Fig. 
10). 


Why use Bx-values? 


Formerly, filtration data was based on various in- com- 
pany tests carried out by the various filter manufac- 
turers. Specifying the Bx-value while taking into consi- 
deration the resulting differential pressure makes it pos- 
sible-to-compare-the filter element pore size of various 
filter manufacturers. 
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The direction of flow through the element must always 
be from the outside towards the inside. The filter matts 
should be folded in a star arrangement to ensure the 
largest possible filter area is available in the installation 
chamber of the filter element. The design of the filter 
matt depends on the permissible differential pressure 
ofthe filter. 


High quality adhesives are used to secure the filter 
matt in the end caps of the filter element and to join the 
ends of the filter matts. The strength of these adhesi- 
ves considerably decreases at operating temperatures 
above 100 9C, meaning that these filter elements can 
only be used up to a maximum operating temperature 
of 100 9C. 


These Betamicron elements offer the following advan- 
tages: 


- precisely defined pore size, 









eperation in 96 


8 @ 
PMS 










Аз... ымыы мые l 


Degree of s 


- excellent retension of extremely fine particles over a 
wide differential pressure range, 

- high dirt holding capacity through large specific filter 
area 








1000 
*«—— — nominal filter ele- 


В, value | i | 
x ment pore size - good resistance to chemicals 


- high burst pressure strength prevents damage to fil- 
ter element, e.g. during cold start, switching and diffe- 
rential pressure peaks 





Fig. 10 8x-value as a function of the degree of separa- 
tion in 96 


Definition of Filter Element Pore Size - water and water constituents in the hydraulic fluid do 
not have a detremental effect on filter performance 


Before the Bx value was established, no comparative u 
data could be given for filter pore size. A clear defini- Bx-Stability 


tion became possible with the introduction of the B, Bx-values can be specified at high differential pressu- 
values. res for these filter elements. As shown in Fig. 11, Beta- 


micron filter elements of the type BH maintain constant 


There were two definitions of filter pore size: ои up-to-high differential pressures at the filter 
element. 






Nominal filtration: - In this case, useful Bx values are not 
defined. This means for the user, that only part of the 
filterable contamination is filtered out to the pore size 


stated. : | B49 - Betamicron - i44 
Definition: Bx < 20. Corresponds to a degree of separa- БЕН == zs SELF 
tion of approx. 95%. MGE DNO E i old 
Absolute filtration As of a Bx-value of 100 or a degree INTE | | 4 = Fri 
of separation of 99 96, the filter element pore size is FTN А | | 
referred to as the absolute retention rate. + | me | | 
Characteristic Features ae | | EHE HER 
of Filter Elements i one JPD | H 
with Multi-layer Matt Constructions | | ||| 
(e.g. Rexroth - and Hydac filter elements - Betamicron) HI | | 
Experience gained in particular applications and test ЖРТ ЕЙ | 
laboratories has led to the development-of-filter-ele- = Diff ; , = | 
ments of multi-layer matt construction. Filter element - Differential pressure in bar > 
Tests and analysis have also shown that the degree of Fig. 11 Comparison of 810 values over constant diffe- 
oil purity required by the manufacturers of servo and rential pressure of elements of various manufacturers 
proportional valves can only be met with this matt filter 

design. 
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This high 8x-value stability is necessary in order to en- 
sure trouble-free operation of servo and proportional 
valves. 


Dynamic-hydraulic loads, pressure peaks resulting 
from rapid switching procedures, shock-like changes in 
flow and various temperature ranges, ignoring the 
clogging indicator, do not impair the retention proper- 
ties of these filter elements. 


In the case of return line filter elements, with built-in by- 
pass filter, 8x values must be maintained up to a diffe- 
rential pressure which is a multiple higher than the 
opening pressure of the bypass valve or the response 
point of the clogging indicator. 


Design Features 
of Betamicron Filter Elements 


Direction of flow: From outside to inside. Flow in the 
opposite direction will destroy the filter element (nega- 
tive pressure peaks, distorted filter elements). 


In these cases, fast closing non-return valves must be 
installed after the filter element. The installation of filter 
housings with integrated non-return valves (e.g. filter 
type DFF) has a proven record of success in such 
cases. 


Corrugated arrangement: The filter elements feature a 
corrugated filter matt (matrix) to provide the largest 
possible filter area and a long service life of the filter 
element. 


Service life of filter element: The service life or the 
change interval of a filter element is determined by its 


dirt holding capacity. This can vary considerably for the 
same element under different operating conditions. 


Thenfluencing variables are: 
- contamination of the system, 
- hydraulic load of the element, 


- effective differential pressure spectrum at the filter 
element. 


The contamination of the system is determined by the 
dirt production of the system, the dirt penetration rate, 
the particle size and particle count, as well as the type 
of contamination. 


The influencing variables for the hydraulic load are filter 
area, flow, viscosity, operating pressure and operating 
medium. 


The influencing variables for the filter elements are de- 
fined by an effective particle retention size, the speci- 
fic dirt holding capacity and the design of the filter ele- 
ment matt. 


In order to make available the largest possible effective 
differential pressure spectrum for filtration, definition of 
the filter size should be base on the lowest possible 
pressure loss with a clean filter element. This is illus- 
trated in Fig. 12 where the differential pressure at the 
filter element is shown at increasing contamination and 
operating time. It can be clearly seen that at a low initial 
Ap, a higher real dirt holding capacity is possible than at 
a high initial Ap. In both cases, the bypass valve, main- 
tenance indicator or differential pressure strength of 
the filter element produce the upper limit for the maxi- 
mum filter element load. 


Differential pressure limit for clogging indicator bypass valve 


or filter element strength 





Element 2 


Element 1 


di 
(= 
Ф 
Е 
Ф 
Ф 
T 
Ф 
= 
B 
has 
о 
Ф 
ke 
=) 
Uu) 
©) 
@ 
| == 
(а. 
© 
4 
= 
Ф 
~ 
Ф 
= 
e 








= Initial differential pressure of clean filter element 


" = Differential pressure spectrum for dirt concentration at high iniatial Ap 
= Differential pressure spectrum for dirt concentration at low iniatial Ap 


Fig. 12 Retention capacity dependent on initial Ap 
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CR} = Real dirt holding capacity 
at high initial Ap 

Cro = Real dirt holding capacity 
at low initial Ap 
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Filter Design 


in addition to requirements with regard to functional re- 
liabilityrand'service'life’of’servo’and'proportional’valves, 
plant and operating costs also represent a decisive fac- 
tor when determining the most suitable hydraulic filter. 


Considerable improvements can be achieved in the 
operational reliability and service life of servo and pro- 
portional valves by selecting fine pore, high quality fil- 
ter elements. 


The following criteria must be taken into consideration 
when determining the filter size, the filter element pore 
size and the type of filter: 


- Dirt sensitivity of the servo and proportional valves: 
Note filter element pore size or required purity class 


- Application of the overall hydraulic system 


The contamination from the environment must be 
taken into consideration (labority system or smelting 
plant). 


- Determination of flow 

Flow can at times be greater than the maximum pump 
delivery ‘double rod cylinders or return lines consisting 
of several circuits). 


- Permissible pressure drop (housing and element) for 


clean filter element 


For pressure line filters: 1.0 bar, with clean filter 
element and operating viscosity 


For return tine filters: 0.5 bar, with clean filter еје- 
ment and operating viscosity 









Proposed 
pore size 
Bx > 100 


Contamination classes 
CetopRP 70 | NAS 1638 


> 5итј> 15 um|>5ume du 










Element Filter |Element Rexroth 
type element pore element 
strength | size x designation 
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... ROO0S3 BN/HC| 
... R005 BN/HC} valve 
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Application 
[i Servo valves at an 
= Servo valves at an 
12 6u.7|5u.6 operating pressure « 160 bar 
X= 


17 | 14 |ви9|708]  X-10 | Proporioalvaves | 


Applications 


... D 003 BH/HC} Pressure line filter 
BH/HC | 210 bar ...D 005 ВН/НС | Safeguarding function and service life 
...D010 BH/HC| of servo and proportional valves 


Retrun line filter with bypass 


... R010 BN/HC] opening pressure З bar 
—2— = > € ee Bypass filter filter element for 

м1 flushing a system 
710 [.D010BN/HC m 


- Permissible differential pressure of the filter element 
must correspond to system conditions at the filter 


installation point. 


- Compatability of the filter materials with the pressure 


medium must be ensured. 


- Design pressure of the filter housing (operating 


pressure) 


- Determination of filter type: 
Which type of clogging indicator should be installed 


(visual, electrical, electronic). Bypass filters must not be 
installed in the case of pressure line filters. 


- Operating temperature or design temperature 


Filter Arrangement in Hydraulic System 


Basis of Design 


The pore size of the filter element selected corres- 
ponding to the relevant application should be the 
same in all filters used in the hydraulic circuit (hydraulic 
system - and filter-breather). 


In the case of systems with high oil volume, main flow 
filtration is normally carried out with a return line filter 
filter pore size 20 um absolute). The necessary purity 
class for the operating medium in conjunction with 
proportional and servo valves is achieved by using a 
pressure line filter with the necessary pore size imme- 
diately before the valve. 


In addition to this arrangement, it is also recommended 
to install a bypass filter system with a filter element pore 
size of 5 um absolute. 


Caution-—-he-pressure-line-filter-should-be-larger-in-this 
filter arrangement due to the higher contamination 
which can be expected. 




















Filtration in Hydraulic Systems with Servo and Proportional Valves 





The maximum operating temperature of the filter ele- 
ments is 100 °C. 


Fitter-elements=must=be-subject=to=quality=inspection 


during manufacture (ISO 2942). | 


Selection of Filter Housing 


Filter type Determination of filter size 


Pressure line | APhousing + f* APelement S 1,0 bar 
filter 

APhousing + f* APeiement © 0,5 bar 
filter 


Bypass filter | APhousing + f * ADelement £ 0,3 bar 


f = Viscosity conversion factor 












The Effect of Viscosity in Filter Design 


The characteristic curves for the filter housing and filter 
elements specified in the brochures are referred to a 
viscosity of 30 mm</s for instance. If the design visco- 
sity (normally operating viscosity) varies from this refe- 
rence viscosity, then the pressure loss in the filter ele- 
ment (diagram specification) must be converted to the 
pressure loss at operating viscosity. 


The viscosity conversion factor "f" is used for this con- 
version. 


Determination of Factor "f" 
with the Aid of a Diagram 


Factor f > 


Operating viscosity V (mm?/s) > 


Fig. 13 Graphic representation of the viscosity conversion factor 







without 
Bypass valve 










with 
Bypass valve 
Pump deli- 
very aprox.. 5- 
10% of the 
tank capacity 
without 
bypass valve 





Determination 
of the viscosity conversion factor "f" 


Panzer - Beitler calculation formula, 
"Arbeitsbuch der Olhydraulik - Projektierung und Be- 
trieb", 2nd edition 1969. 


The scope of validity for this calculation formula is bet- 
ween 30 and 3000 mm/s. 
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Example 


The following curves are based on 30 mmé/s. The hy- 
draulic system is operated with hydraulic oil ISO VG 68. 
The operating temperature is 40 °C. The hydraulic filter 
should be designed corresponding to the specified 
operating temperature. 


1) Calculation of factor f with aid of formula: 


f = (68/30 + V68/30)/2 = 1.89 
f = 1.89 


2) Determination of factor f with aid of diagram: 


The factor "f" can be read off directly from Fig. 13 (red 
line). 
f= 1.9 


The effect of the density of the liquid to be 
filtered on the filter size 


The housing diagrams are based on a density of 0.86 
kg/dm? (mineral oil). If this density changes, the diffe- 
rential pressure of the housing given, must be convert- 
ed proportional to the change in density. 


Determination of Total Differential Pressure 
from Housing Curves and Filter Element 
Curves 


Example: 
- Hydraulic system with proportional valves 


- Flow 50 l/min 

- Type of oil: ISO VG 68 

- Operating temperature 40 °C 

- Operating pressure 300 bar 

- With electrical maintenance indicator. 


Procedure: 


- Determination of filter pore size 

Choose the correct pore size from the table "Selection 
of correct pore size". 

E.g. application area: Proportional valves. Suggested 
pore size 10 um (810 > 100) cann be read off. 


- Determination of filter type 

The filter should be installed directly before the propor- 

tional valve (functional reliability and service life). Ope- 

rating pressure 300 bar: DF - filter housing without by- 
ass filter must be used. 


- Determination of filter element design 

Select element type and element designation from the 
diagram "Selection of Filter Elements". 

E.g.: Application: Proportional valves, ensuring functio- 
nal reliability and service life. 

Necessary type of filter ele-ment: BH/HC, 

Element designation: ... D 10 BH/HC 


- Determination of viscosity conversion factor "f" 
Determine factor f from Fig. 13:f = 1.9 
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- Dertermination of filter size 

Assumed size: DF ... 110 

Determine the pressure loss at Q = 
housing diagram: 


50 l/min from 























| | | m A | 
FH 
_--________ __ 


Quin l/min 


Fig. 14 
Housing diagram from pressure line filter brochure 
Ap housing = 0.4 bar. 


Determine the pressure loss at Q = 50 l/min filter ele- 
ment diagram 














О in l/min 


Fig. 15 Filter element diagram 
Ap element = 0.6 bar 


= птипапоћ or overall атегеппа! pressure 


Thefollowing calculation results for 
DFBH/HC 110 G 10 C1.X: 


APtotal = 0.4 bar + 1.9 * 0.6 bar = 1.54 bar. 


The total pressure difference determined in this way is 
higher than 1.0 bar. 


This means the pressure line filter 
DF BH/HC 110 G 10C 1.X is too small. 
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The same calculation must now be repeated with a lar- 
ger filter size. The filter is the correct size when the cal- 
culated total pressure difference is below the specified 
maximum initial differential pressure: 


Diagrams for determining the filter size are provided to 
simplify this relatively complicated procedure of filter de- 
sign. 

Procedure with Diagrams for Determining the 
Filter Size 


DF, LF, MDF-Filter with BN/HC and BH/HC Element 
Ap= 1 bar, Viscosity= 30 mme/s x 


oy 
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Absolute pore size of filter element 


Fig. 16 Diagram for determining the filter size of pres- 
sure line filters 


The filter size is determined by the point of intersection 
of flow and filter pore size. 


If the design viscosity deviates from the viscosity of 
30 mmĉ/s used as the basis in the diagram, then the 
flow must be increased by the viscosity conversion 
factor "f". 


Example: Proportional valve (previous example) 





Determination of size from diagram (Fig. 16) 
The point of intersection for flow of 95 l/min with the 10 
um filter pore size line is in the area indicating filter size 


160. 


The following filter must therefore be used: 
DFBH/HC 160 G 10 C 1.X 





The Following Diagrams (Figs. 17 and 18) are 
used to Determine Return Line Filters (for 












































Design flow Q, (L/min) 























Absolute pore size of filter element | 
































Fig. 17 Diagram for determining the filter size of return 
line filters Q to 200 утт 


RF-Filter mit BN/HC Element 
Ap= 0,5 bar, Viskosität= 30 mm/s _ 
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Absolute pore size of filter element "n 


Fig. 18 Diagram for determining the filter size of return 
line filters Q to 1200 l/min 


Design of Filters 
for Filtration of Fire resistant Fluids 


Standard filters only be used to a limited extent for filtra- 
tion of fire resistant fluids. 


Changes must be made to the filter housing or filter ele- 
ment to suit the fluid being used. 


Regarding the filtration of these fluids, particular atten- 
tion should be paid to the compatability of the media 
with the filter materials. Today, filter manufacturers 
have gained sufficient experience to be able to offer 
suitably resistant filters corresponding to the type of 
fluid. This-involves-the-use-of different materials-or-the 
implementation of certain surface protection measu- 
res. This also applies to clogging indicators and other 
accessories. In addition, compared to the use in mine- 
ral oil, it is advisable to use filters of larger design. This 
is necessary due to the higher wear characteristics of 
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the components, the soap residue, the formation of 
micro organisms, as well as the different dirt binding ca- 
pacity. Cooperation with the filter manufacturer 45 re- 
commended; when designing the filter system: 


Design of Tank Breather Filters 


The dirt penetration rate has a considerable influence 
on the contamination of a system. Tank breathing is of 
particular importance in this connection. Its function is 
to prevent ambient contamination entering the system 
despite air exchange. An incorrectly or poorly design- 
ed tank breather can result in considerable additional 
load on the filter circuit and therefore in short service 
life of the filter elements. The performance values of 
the breather filters should be adapted to those of the 
system filters. The following data must be taken into 
consideration when designing the breather filter: 


Pore size of filter element: B4 2 100 
Design volume for the air filter: 


10 times the maximum volume fluctuation in the fluid 
tank. 


Design differential pressure with clean filter element; 
and design volume: 0.02 bar. 


Fig. 20 Pressure line filter, arranged 


У 





directly beneath ће valve 


This filter arrangement ensures that 
contamination of the hydraulic fluid 
no longer occurs between the filter 
and valve and that the system can 
be flushed with the valve func- 
tioning. 
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Design Features of Hydraulic Filters 


Pressure Line Filter (For installation in line) 


S 


SS 


| 
| 


Filter element 
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Magnetic band 
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Fig. 19 Sectional view of a pressure line filter 


These filters should be used without bypass valves. 
The flow through the filter element must always be 
from the outside towards the inside (note direction of 
flow indicated by arrow on filter head). 


A filter clogging indicator must be used. 


Pressure Line Filter for Direct Attachment 
to Proportional.and Servo Valves 
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Return Line Filter (For tank installation) 
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Fig. 21 Sectional view of a return line filter (tank instal- 
lation) 


To ensure valves or other hydraulic devices cannot 
operate incorrectly, return line filters are normally instal- 
led with bypass valves. 


The flow of medium through the filter element normally 
takes place from the outside towards the inside. 


A filter clogging indicator should be used otherwise 
opening of the bypass valve would not be registered. 

The built-in dirt collection bowl prevents heavily conta- 
minated fluid from flowing into the tank when changing 
the filter element. 


The specified operating pressure of 25 bar is referred 
to the filter housing under dynamic load. 


Clogging Indicator 


Various types of clogging indicators are available to 
indicate and monitor the change and cleaning intervalls 
for the filter elements. Care must be taken in the case 
of the visual indicator to ensure thatitis not concealed 
by-partof-the system panelling or covering: so that it is 
always clearly visible. Electrical indicators can also be 
installed at points which are difficult to access since the 
maintenance interval is indicated by an electrical signal 
which can be used for a number of purposes. 











Fig. 24 Visual clogging indicator for return line filter 
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Electronic clogging indicators are available for special Filter-Breather 
applications. Such indicators are successfully used par- 
ticularly under dynamic operating conditions in conjunc- 
tion-with-differential-pressure-proof-elerrients, as used 
at low starting temperatures or frequent pressure 
peaks. 


This electronic indicator suppresses the indication 
function up to an operating temperature of 32 °C for 
example. The pressure peaks are suppressed for an 
effective period of 9 seconds and can therefore not 
trigger the indicator function. 


о 
“2: #22 #77: 2 nn m ` 
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>> A ЛЕР = ~ „> у ју чини 
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Fig. 26 Sectional view of a filter-breather 


IS 


Filter head 
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Fig. 25 Electronic differential pressure indicator 
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Notes on Maintenance 


1. Filling and Flushing 
-the Hydraulic System 


A further opportunity for dirt to enter the system from 
the outside is provided when filling the system with 
hydraulic oil. Due to its manufacture, filling, transport 
and storage, the new pressure medium can already at 
this stage be contaminated to a relatively high degree. 
In order to eliminate this possibility, it is advisable to fill 
the system via one of the filter units shown in Fig. 2. 
These types of filter units are also particularly suitable 
for flushing a system prior to commissioning. Flushing 
reduces the contamination incurred during installation 
to a degree necessary for reliable operation of the 
system without unnecessarily subjecting the filters of 
the system to additional load. 


The size of the filler connection must be selected cor- 
responding to the pump delivery. 


The pore size of the filter element must be at least the 
same as that of the system filters. 


To ensure quick handling of the devices shown in Fig. 
2, it is recommended to provide quick-release coup- 
lings at the hydraulic tank. 

2. During Commissioning 

Check whether the fluid, pressure and flow of the sys- 
tem agree with the specifications for the filter provided 
in the brochure and on the filter. 

3. During Opertion 


Open the filter housing and clean when indicator res- 
ponds. Renew seal if leaks are found at the housing. 


Caution: Depressurize before opening filter. 
4. Changing Filter Element 


a) Generally, all filter elements should be changed 
after one year of operation. 


b) The filter element must be changed when the sig- 
nal "filter clogged" is indicated 


c) When changing the filter element, no contaminated 

medium must enter the hydraulic system. Contami- 

nated medium must be drained from the filter housing 
—— before changing the filter element. 
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Practical Examples of Proportional and Servo Valve Systems 
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Preface 


The requirements which proportional technology must 
meet are becoming more and more demanding. The 
demands made on planners of hydraulic system with 
this technology are also increasing at the same rate. 


In addition to thorough knowledge of device functions, 
several important criteria must be borne in mind when 
designing control circuits: 


- The natural frequency of a system 


- Correct spool size 
Pressure drop at the control lands 


- Тһе control range - Omin/Qmax 


- Theinfluence of changes in mass, velocity, 
pressure and viscosity 
Limits of time-dependent delay. 


Are pressure compensators necessary? 
Meter-in pressure compensator/ 
meter-out pressure compensator 


- Aredeceleration or counterbalance valves 
necessary? 


Pressure intensification in single rod cylinders and 
meter-out pressure compensators 
Total pressure at motors 


-Isan increase in the differential control pressure at 
oressure compensators appropriate or necessary? 


- |san open loop control at all possible or musta 
closed loop control be implemented? 


- Selection of valves with sufficiently fast response 
for the relevant tasks, particularly in closed loop 
controls. 


The following application examples from various sec- 
tors of industry represent a cross section of typical 
tasks performed by hydraulic systems. They clearly 
show that the above mentioned criteria have been 
implemented. 


An essential factor regarding planning of open loop 
controls and drives in proportional hydraulics is precise 
definition of the intended task. With an exact definition 
of the application, it is possible - almost without excep- 
tion - to define an optimum solution. 
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Radio Control for a Suspended Mono- 
rail System in the Mining Industry 


Cable-driven suspended mono-rail. systems are used in 
the mining industry to transport material and personnel. 


Hydrostatic drive systems have proved to be well suited 
to cable-driven transport systems due to their simple 
speed adjustment while maintaining the necessary trac- 
tive effort over the entire speed range. 


The flow delivered by the pump and therefore the 
speed of the system change dependent on the control 
pressure. The swivel angle of the axial piston pump is 
proportional to the pilot pressure of the pilot unit. To 
ensure the system is always operable, two systems are 
provided for the control of the pilot pressure to the 


pump: 
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1) With a 3-way proportional pressure control valve 
3 DREP 6C (Item 1) 


2) With a manually operated pilot unit 
2 TH 7 (Item 2) 


The pressure control valve is actuated by means of radio 
control. The driver operates a portable transmitter. The 
high frequency transmission between transmitter and 
receiver takes place in the 30 MHz frequency range. 
The frequency-modulated signals received are based 
on a digital modulation system, the so-called pulse code 
modulation (PCM) which, compared to other systems, 
offers the highest possible degree of transmission relia- 
bility. 


During manual control, using the pilot unit 2 TH 7 from 
the driving position, the operator is linked with the driver 
of the train by radiotelephone. A coaxial cable running 
over the entire length of the system facilitates trans- 
mission of the radio signals. 


Both the proportional pressure control valve 3 DREP 6 
С апа the pilot unit 2 TH 7 are modified-units, and-have 
been approved to BVS Specifications. 





Practical Examples of Proportional and Servo Valve Systems 
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Drive of Ladle Change Car 
in a Converter Steel Works 


Converter linings are subject to wear and.require regu- 
lar replacement. For this purpose, the converter must 
be moved in various positions with the aid of a ladle 
change car. 


A Ladle Change Takes Place in 4 Phases: 
1) The ladle being changed is moved to its 
parking point 


2) The car moves to the feed stand 


3) The newly overhauled ladie is moved to the 
converter stand 


4) The old ladle is moved from the parking point to 
the feed stand 


Technical Data 


Car diameter 16m 
Height of car with ladle 9m 
Total weight car + ladle 1200t 


The maximum travel speed of the car is 15 m/min. This 
corresponds to a speed of 3.2 rpm at the four drive 
wheels. The travel speed must be completely free of 
jolts with sensitive continuous control from almost zero 
to 15 m/min. 


It must be possible to approach the individual positions 
with a relatively high degree of accuracy. At a crossing 
point, the car is turned through 90? about its centre. ME з 5 
For this purpose, the complete car is raised and after 1 —— — 
being turned lowered Gnid iha new pair of rails. During Hydraulic drive of ladle change car 
this operation, the positioning accuracy is +30 mm, 
quite accurate, considering the dimensions and | ~ = Lr APA TT 
weights involved. | w^ | | «5. ti M 





























All drive procedures are controlled with the proportio- 
nal valve (Item 1). Influences of varying rail friction, load 
viscosity etc. are compensated by means of meter-out 
pressure compensators in the lines A and B. These 
pressure compensators are integrated in the form of 
DR logics in the control manifold. Pressure relief valves 
(Item 3) installed in the cover enable adjustment of the 
——JAp-.at-the. orifice. (— proportional-valve—spool).—This-is— 
necessary since the proportional valve, type 4 WRZ 32 
cannot cope with the maximum flow of 624 атЗ/тіп at 
a fixed Ap of 8 daN/cm? of a sandwich plate pressure 
compensator. A higher Ap at the orifice results in 
increased flow. The pilot control of the proportional 
valve is provided manually with a manual control unit. 
For the operator it is important that a certain angle of 
deflection of the contro! unit always produces the 
same speed. The meter-out pressure compensators 
constantly guarantee this, even when the above men- 
tioned operating conditions change. 


= = 

d E => 
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Тће ladle change car is 
crossing point. 





— 


moved in position over the line 
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Elevating Drive in a Rolling Mill 





In the previous version, 8 devices were necessary for This meter-out pressure compensator contains two 

the control of the lift cylinder. pressure compensators connected in the lines A and 
B which provide cut-out in the centre position of the 

The individual piping of these devices, or mounting or proportional directional valve. 

installation in a control manifold was costly and 

complex. 


Optimum adjustment and matching of all devices re- 
quired considerable time. 


In the new version with a proportional valve, only one 
device need be connected via the subpiate, or mount- 
ed on a control manifold due to the fact that the meter- 
out pressure compensator is designed as a sandwich | 
plate. 
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160/100 x 800 





Ar 


295 dm? /min AK 
Sn 





160/100 x 800 


484 = [ТЕ== 


AK= 2x201 = 402 ст? 
АВ = 2x 122,5 = 245 cm 
v= 0,2 m/s 

Mmin= 101 

Qma = 484 dm? /min 


Size 32 sandwich plate 
meter-out pressure 
compensator with 
hydraulic lock 
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Elevating System in a Welding Line 


The welding line is used in the production of bodies for 
passenger vehicles. The installation has a total length 
of 30 m. All 12 lifting stations are lifted and lowered 
simultaneously by means of a corresponding elevating 
system. Material is transferred or deposited at the 
centre of the lift motion. The transfer speed must not 
exceed 0.15 m/s, otherwise the automatically posi- 
tioned sheet metal parts would be ejected. On the 
other hand, the lifting and lowering cycle should be 
completed as fast as possible. 


These requirements are met by a proportional valve 
together with electronic devices for position-depen- 
dent deceleration. 


Electronic proximity switches, so-called analogue initi- 
ators are moved along metal cams. The output voltage 
is reduced to 0 V as the proximity sdevice approaches 
the cam. This voltage is fed to a amplifier specially 
designed for this purpose and controls the solenoids 
of the proportional valve. This arrangement does not re- 
present a closed loop control! but rather a position-de- 
pendent open loop control , which is position-depen- 
dent during the deceleration phase. 


As shown in the example, the speed can be reduced 
to any value and increased once again to the initial 
value in any arbitrary position by means of a cam. The 
decisive factor in this arrangement is the distance X 
between the cam and the connecting line of the two 
end cams. 





The accumulator unit on the left-hand side provides 
the 460 l/min of hydraulic oil necessary for the accele- 
ration procedure. The Type V4 vane pump to the right 
fills the accumulator during the "no-movement phase". 
The proportional directional valve Type 4 WRZ 25 is 
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Since analogue determination of position is only effec- 
tive in the area of the deceleration path, installations of 
any length, e.g. drive systems can be equipped with 
this equipment. 


This technology is primarily used when a drive must 
approach a position with a relatively high degree of 
accuracy under conditions of varying kinetic energy. 


Time-dependent deceleration should be preferred if 
the speed of a drive is higher than approx. 1 m/s. 


Р ‘laa 


1 


One cylinder - ће other serves as а standby - moves in 
conjunction with a lifting mechanism, all 12 stations 
simultaneously. 





D= 140 mm 
H= 450 mm 
Vmax. Cyl.= 0,5 m/s 


Vmax. lifting bar= 9,6 m/s 
m= 8000 kg 


Miotal= 11520 kg 


WHEE 


1X 
| 


p= 110 daN/cm 2 


4 WRZ 25 W3-325-30 





Block diagram of.a hydromechanical.drive 


for a welding line 
and its motion sequence diagram 
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Chain Conveyor - Drive Cylinder 


In a hot-rolling mill, the coils at the end of a hot con- 
veyor line must be conveyed to a storage point. The 
temperature of the coils at the take-up reel is approx. 
800 - 1000 °C. During transport, the coils are to be 
cooled to a temperature of approx. 500 - 600 °C. The 
conveyor chain frequently runs outside the bay in out- 
door sections. 

The total length of the coil conveyor chain is 280 m. 

At a transfer station, the coils coming from a shorter 
chain driven by a hydraulic motor are transferred to the 
chain running at floor level. This chain is driven by a 
drive cylinder at a cycling stroke of 3600 mm. 


The drive is engaged in the chain at the beginning of 
the stroke. On completion of the stroke and disen- 
gagement of the drive, the chain stops during the re- 
turn stroke. After return to the initial position, a new 
cycle begins as soon as the transfer station has 
transferred a new coil. 


In the previous version, the control involved several de- 
vices. Optimum adjustment was complicated and time 
consuming. With the new concept, the open loop 
control is achieved with only one proportional direc- 
tional valve. 
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This arrangement is considerably less expensive and 
much easier to handle. The acceleration and десеје- 
ration ramps as well as the speeds are easily adjusted 
at the front panel of the amplifier. 


New concept of open loop control with proportional 
directional valve 
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Open Loop Control 
for Airfreight Elevating Platform 


The.open.control.must.comply.with.the.following.condi- 
tions: 


- jolt-free acceleration and deceleration 
- load-independent speed control in all drive phases 
- low losses during constant pump operation. 


Constant speed, is irrespective of the load, is achieved 
during upward movement with the 3-way meter-in 
pressure compensator (Item 3) in the form of pressure 
limiting logics. This pressure compensator has a 
control spring of 4 daN/cm@. Unloading of the system 
in neutral is achieved by directional valve (item 6), 
allowing the pump to flow to tank at 4 daN/cm2. The 
pressure relief valve (Item 5) in the load pressure line 
permits variation of the differential control pressure. 
The setting in this case is 10 daN/cm?. The maximum 
pressure of the pump is set with the pressure relief 
valve (Item 4). 


During upward movment, the pump pressure is autom- 
atically set to the required load pressure + differential 









Elevating platform 
synchronous, 
mechanical 
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control.pressure.of-10.daN/cm2.at-the-orifice-=-control 
land P to A. 


When the lift is stopped and during downward move- 
ment, the electric motor of the constant displacement 
pump is switched off. The directional poppet valve 
(Fig. 7) is therefore required for the pilot oil supply of 
the proportional valve (Item 1) of the meter-out pres- 
sure compensator (Item 2). 


The pressure drop at the control land A to T is main- 
tained constant during the downward movement by 
the meter-out pressure compensator. In this way, the 
speed is also maintained constant irrespective of the 
changes in load. 


In addition, the meter-out throttle isolating pressure 
compensator also provides leak-free cut-off with the lift 
stopped, and acts as a non-return valve during upward 
movement. 


D = 140mm 

H = 4m 

Vmax = 12,5 m/min 
Omas = 385 dm? /min 
Mma = 201 
Meter-out 

pressure compensator 
cartridge design 


©) 
i 
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Practical Exampies of Proportional and Servo Valve Systems 





Stacking Device 
for the Paper Industry 


‚A-two-way-meter-in-pressure-compensator-(sandwich 
plate) is used in order to avoid pressure intensification 
atthe single rod cylinders. 


The negative (pulling) load makes the installation of a 
counterbalance valve necessary. During downward 
movement, the load must be taken up by the coun- 
terbalance valve to ensure the pressure drop from P to 
B at the proportional directional valve remains constant 
at 8 bar. 


The load pressure is sensed from the load lines with 
the aid of a shuttle valve. This shuttle valve is inte- 
grated in the pressure compensator. 





DR V8-10/0 


4 WRE 10 W2-64-20/. . 


Vix! ETN 


i 
| | ZDC 10 P-20/XM 
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Practical Examples of Proportional and Servo Valve Systems 


Manipulater Car for 2 Presses 


Gas bottles are produced on a pair of hot forming and 
hot drawing presses. Transport between the presses 
and the feed runs fully automatically. The manipulator 
car - consisting of the upper car for longitudinal move- 
ment and lower car for entry and exit - performs all 
movements. 


Only the operations of the upper car will be considered 
here. The maximum travel distance is 6 m. Over this 
distance, 5 positions must be approached with a rela- 
tively high degree of accuracy. 


The drive is provided directly by a hydraulic motor, via a 
rack and pinion. A pilot operated proportional directio- 
nal valve (Item 1), Type 4 WRZ 16 E 100 is used for the 
control of the movements. 


The electrical control of the drive is achieved with the 
digital positional amplifier VT 4630. With this amplifier, 
hydraulic drives with proportional or servo valve open 
loop controls are positioned digitally by BCD code 
signals. 


Before the required position is reached, a distance de- 
pendent deceleration function is engaged, іп which, 
the output signal to the valve is gradually reduced to 
Zero. 


The amplifier enables internal position presetting via 5- 
position decade switches, or externally by means of a 
freely programmable control. The 5-segment position 
display can also be provided internally or externally. 


When setting the positions via a PC system, the num- 
ber of positions is optional. When set internally, the 
number of positions is limited to 9. 


The speeds, acceleration ramps, deceleration ramps 
(for inching) and deceleration distance for distance- 
dependent deceleration are set by means of the 
potentiometers on the front panel of the amplifier. Pre- 
setting the 5 positions to be approached takes place 
externally with the PC control. 


In this case, the position is determined with an incre- 
mental shaft encoder at 1250 pulses/revolution. At a 
pinion diameter dg 2 159 mm, 2 revolutions 2 1 m travel 
distance = 2500 pulses. This pulse count is quadrup- 
led in the amplifier. In this way, 1 m travel distance is 
triggered in 10,000 pulses (1 pulse 2 0.1 mm) thereby 
providing the required positioning accuracy of +1 mm. 


10,000 pulses = O ... + 10 V are made available on the 


amplifier for deceleration. The calculated deceleration 
is 0.75 m= 7500 pulses. 
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During an "emergency stop", the proportional valve is 
no longer controlled via timed ramp or distance depen- 
dent deceleration, but is allowed to close in its own 
natural minimum closing time (approx. 70 ms). In order 
to protect it under these conditions, the relief and 
anticavitation valve (item 2) has been installed. 


To ensure filling of the feed side, it is good practice to 
install a non-return valve (Item 3) with a 3 bar cracking 
pressure in the tank line. 


ррн= 100 daN/cm 2 


Motor q = 1965cm^/U 
Nmax = 180min ! 
Отах = 228dm? /min 











Practical Examples of Proportional and Servo Valve Systems 





Slide 


Slide u 


-an-area-ratio-of-1:2.-A-regenerative.circuit_is_used_in. 
these cases. Compact control manifolds in the sizes 6, 
10 and 16 of modular design are directly mounted on 


the un 
(Item 1 


starting and deceleration of relatively large kinetic 
masses. Rapid traverse speeds of up to 25 m/min are 
often realized in time-dependent units in transfer lines. 
With the current regulator (Item 2) the feed rate is set 
by conventional means. 


An optimum backpressure is set automatically at the 
load-dependent retaining force valve (Item 3) in each 
phase of the operating cycle. 


The ra 
decele 


amplifier. 


Unit 


nits in transfer lines mainly feature cylinders with 
















it cylinders. The proportional directional valve 
) as a rapid traverse valve enables shock-free 


pid traverse rate as well as the acceleration and 
ration values can be easily set at the electrical 
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E Ni шь _ 
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Practical Examples of Proportional and Servo Valve Systems 





Rotary Drive of Platform 


The rotation (inclination) of the platform about its cen- 
tre axis is provided by a hydraulic motor in conjunction 
with a worm gear with a ratio of 150:1. The rotary speed 
of the platform must be continuously variable from 
almost zero to 1 rpm. For this reason, an axial piston 
low-speed motor, Type MCS is used. Under given 
conditions, this motor ensures low torque fluctuations 
and low pressure fluctuations - a minimum smooth 
speed of 0.5 rpm. 


A meter-in pressure compensator (Item 1) is connec- 
ted upstream of the proportional directional valve (Item 
2) to provide the necessary load compensation. It is 
not possible to use a meter-out pressure compensator 
since the motor would be subject to excessively high 
load at the operating pressure of 150 daN/cm¢. The 
permissible summated pressure of the motor is max. 
300 daN/cmé. The acceleration pressure which occurs 
during the acceleration phase must be added to 
double the operating pressure. The maximum permis- 
sible summated pressure would then be exceeded. 


The meter-in pressure compensator provides load 
compensation = holding Ap constant at the orifice, only 
when. the load. direction. is- positive. For this reason, 
deceleration valves (Пет 3) are installed in the drive 
lines A and B. A further task of this device is to provide, 
for safety reasons, leak-free cut-off when the drive is 
stationary. To ensure the platform is reliably held in any 
position, inspite of internal leakage at motor, themotor 
is equipped with a hydraulically operated disc brake. 


The control of the drive, i.e. actuation of the proportio- 
nal directional valve is via а manual control unit. 
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Practical Examples of Proportional and Servo Valve Systems 





Injection Moulding Machine 


The high demands placed upon modern imjection 
moulding machines regarding the quality of the finish- 
ed parts, makes it ever more necessary to employ 
closed loop control on the injection process. Using 
closed loop control, the variations found in the finished 
products are reduced by a factor of nine. Optimising a 
machine having closed loop control is achieved after 
only a few cycles, thus quickly ensuring production 
quality. 


A further increase in quality, even in complex parts can 
be achieved when internal die pressure measurement 
is integrated in the closed loop control circuit. 


The progression of the injection rate curve is determin- 
ed based on process data. 

The stroke of the injection cylinder is determined by a 
position measuring system and correspondingly pro- 
cessed. 

The actual value produced in this way is compared with 
the signal vaue of the injection curve and corrected. 


With regard to the injection or dwell pressure and pro- 
viding the internal die pressure measuring system is 
used, the internal die pressure can precisely follow a 
preset dwell pressure curve independent of the visco- 
sity of the melt. 


z 135 mm/s 
2 mm/s 


4 МАО 52 V 


Injection Injection back- 
rate dwellpressure pressure 
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The changeover from closed loop speed control to 
closed loop pressure control can take place either 
dependent on the "injection stroke" or dependent on 
the "mass/internal pressure". 


The backpressure during plastification also follows a 
curve based on process data. 


All contro! procedures are implemented by the 
controlvalve, 4 WRDE 52 V. The closed loop control 
electronics is based on microprocessor technology. 
The analogue controller for the valve is designed in the 
form of a hardware controller. 





Injection cylinder 

D mm 

mm 

mm 

dm3/min 

daN/cmé 

a dm3/min 
Dmin daN/cm? 


Fmax = 3500 КМ 


d 
H 
Oh er. 
Dmax 
Q 


n | m m Wm но id 
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Setting value H5 
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Signal sequence A1 
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Signal, change in B7 
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